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It is widely accepted that the origin of life began with spontaneous syntheses of 
simple organic molecules from inorganic molecules under primitive Earth condition, 
based on the success of the Miller-Urey Experiment. However, the early evolution of 
life, from the simple organic molecules to the last universal common ancestor, 
remains a mystery in modern biological sciences. Numerous theories have been 
proposed, but all lacking validations and/or absolute evidences.  
Among the various theories regarding the early evolution of life, the RNA world 
suggests that a self-replicating RNA world, which likely existed in sub-marine 
hydrothermal vents, was the precursor of the modern DNA-RNA-Protein world, and 
has gained more and more supporters since the discovery of RNA-based enzymes, i.e. 
ribozymes. Generally, the RNA world theory believes that ribosome should be a relic 
of the RNA world, and its ancestor should have involved in the RNA self-replication. 
One theory, the helicase hypothesis, proposes that an RNA-based helicase, which 
assisted the RNA replicase in the RNA world, should have been the ancestor of the 
small subunit of the modern ribosome, and is likely still conserved in the core 
domain of the small subunit. And a recent E. coli ribosome chronological study by my 
colleague provided a perfect starting point for the investigation of the helicase 
hypothesis in this thesis. This chronological study has found two core domains for 
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the small subunit, and one of them, the r29 module, is involved in the initiation of 
translation as well as mRNA binding.  
So this thesis, in attempting to validate the helicase hypothesis of the RNA 
world theory, started the investigation with the r29. Firstly, the templates of r29 and 
its several variants, as well as the core domain of the large subunit, PTC, and the 5S 
rRNA were designed based on the chronological study, and were synthesized by 
some commercial company. These RNA molecules were synthesized by in vitro 
transcription. And their potential helicase activities were tested with specially 
designed molecular beacons in a thermocycling PCR program. 
The results were quite promising, as a few r29 variants showed more or less 
helicase activities, especially the r29 variant with full-length anti Shine-Dalgarno 
sequence added (R29SD). The results also showed that even a small amount of single 
nucleotides could shift the balance of single-stranded and double-stranded of 
molecular beacons to the latter one, suggesting that thermal denaturing was not 
sufficient enough for RNA unwinding in the RNA world, contrary to what was argued 
by some other hypotheses against the helicase hypothesis. However, these results 
are still far from conclusive, further investigations are needed, including addition of 
high pressure to the thermocycling system, core domain of the small subunit of a 
more ancient species, and etc. 
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Chapter 1. Introduction 
For centuries, biologists have been trying to uncover the mighty mystery of 
origin of life. After hundreds of years’ investigation, abiogenesis has now become the 
most widely accepted theory in modern biological sciences. The origin of life is 
believed to start approximately 4 billion years ago (Figure 1.1), in an oxygenless 
environment on the primeval earth. During that era, organic monomers were 
proposed to be either spontaneously synthesized at certain locations of the primeval 
Earth, driven by impact shocks, ultraviolet irradiation or some other energy sources, 
or delivered by objects, such as comets and meteorites, from outer space. The 
success of the Miller-Urey experiment proved that such spontaneous syntheses of 
small organic molecules were totally possible on the primordial Earth (Miller, 1953). 
 
Figure 1.1 A general timeline of early evolution on Earth, with approximate dates in 
billions of years before the present (Joyce, The antiquity of RNA-based evolution, 2002) 
(Permission: confirmed). 
But, how these spontaneously synthesized small organic molecules interacted 
and reacted with each other to produce larger and more complex organic molecules 
and eventually to form the last universal common ancestor still remains mysterious. 
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To uncover this mystery, various models have been proposed by biologists, including 
iron-sulfur world theory (Wächtershäuser, 1992), coenzyme world theory, 
thermosynthesis world theory (Muller, 1995), hydrothermal vent theory (Miller & 
Bada, Submarine hot srpings and the origin of life, 1988), RNA world theory (Gilbert, 
1986)and etc. Each theory has its own natural and/or experimental supporting 
evidences. But this thesis focuses mainly on the RNA world theory and the 
hydrothermal vent theory. The RNA world theory could date back to the 
mathematical theory of a primitive self-replicating system developed by Eigen and 
coworkers in the 1970s (Eigen, 1971). The RNA world theory suggests that in the 
primitive self-replicating system, RNAs, instead of DNAs, were the genetic 
information carrier and their replications were catalyzed by some RNA enzymes, 
instead of proteinaceous enzymes. This theory is supported by the fact of the high 
similarity between RNAs and DNAs, and is greatly promoted by the discoveries of 
various ribozymes, which are RNA molecules with catalytic activities. The RNA world 
theory is now the most popular candidate among the numerous theories of the early 
evolution of life. 
Despite all the supporting evidences, the RNA world theory still faces several 
problems. One major problem is that the synthesis of long nuclear acids would 
require a very high concentration of nucleotides, and these long nuclear acids also 
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needed to be protected against degradation by ultraviolet irradiation or some other 
energy sources which initially promoted the spontaneous synthesis of organic 
monomers. This problem could possibly be solved by the discovery of the deep-sea 
alkaline vents and other kinds of submarine hydrothermal vents, since 1979 (Spiess 
& Macdonald, 1980). The hydrothermal vent theory provides one of the best 
locations for the precell early evolution to proceed. These hydrothermal vents, lying 
on the ocean ridges of the primordial earth, were surrounded by highly porous 
mineral precipitates, which have been experimentally proved to be extremely 
effective thermocycling pore systems that accumulate small organic molecules at the 
closed bottom ends of the pores (Basske, Weinert, Duhr, Lemke, Russell, & Braun, 
2007). So far, such high concentrating capability has not been demonstrated in any 
other systems. Besides the accumulating effects, hydrothermal vents also provided 
physical micro compartments that were essential for precell evolution, and because 
of their submarine locations, they also protected those synthesized large and 
complex organic molecules from being degraded by ultraviolet irradiation.  
In this thesis, it is proposed that the transition from the RNA world to the 
RNA-protein world and eventually to the modern DNA-RNA-protein world happened 
inside hydrothermal vents. But such transitions could only occur after the emergence 
of templated protein synthesis, i.e. the translation. In all modern cells, translation is 
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the main responsibility for RNAs, in forms of mRNAs, tRNAs and ribosomes. The 
ribosome is believed to be a relic of the RNA-protein world (Poole, Jeffares, & Penny, 
1998; Wolf & Koonin, 2007), and it is also proposed to have evolved from an RNA 
replicase during the transition from the RNA world to the RNA-protein world (Poole, 
Jeffares, & Penny, 1998). Recently, an alternative helicase hypothesis was proposed 
by Zenkin, suggesting that the RNA replicase system should have been accompanied 
by a ribozyme with helicase activity, and this RNA helicase was the ancestor of the 
ribosomal small subunit (Zenkin, 2012). Moreover, this RNA helicase, instead of the 
RNA replicase, eventually developed into the first modern ribosome. However, this 
RNA helicase hypothesis has not been experimentally demonstrated yet. The 
experimental demonstration of this hypothesis could start with investigating the 
functional core portion of the ribosomal RNAs found by chronological studies of 
ribosomes. If this core portion were to show helicase activities, as a remnant of the 
ancient RNA helicase, it could be an important experimental supporting evidence for 
the RNA helicase hypothesis. 
The ribosome has drawn a lot of attentions from researchers since the 
mid-twentieth century (Moore, 2009), for its important character as the protein 
synthesis machinery in all cells. In the past few decades, substantial crystal structure 
of ribosomes from organisms of all three domains and completely mapped genomes 
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of extensive types of organisms have become available, which allowed the 
construction of an evolutionary chronology of ribosomes. A plausible and detailed 
evolutional chronology of the E. coli ribosome has been constructed by my coworker, 
Ms. Zhang Bo, from my supervisor’s computer lab, using an engineering analysis tool, 
called the Design Structure Matrix (DSM). Her results suggested three cores for the E. 
coli ribosomal RNAs, one from the large subunit, the peptidyl transferase center 
(PTC), and two from the small subunit, r23 and r29. Between these two cores of the 
16S rRNA, r29 is the one which contains the mRNA binding site and in which the 
decoding center of the small subunit is mainly located. Hence, r29 is proposed to be 
the functional core of the E. coli small subunit rRNA. According to the RNA helicase 
hypothesis of Zenkin, r29 would most likely still have some helicase activities 
conserved. 
Being the first to experimentally demonstrate Zenkin’s RNA helicase hypothesis, 
this thesis mainly aims to investigate the potential helicase activities of r29 and some 
other related ribosomal RNAs, inspired by the chronological studies of the ribosome, 
in primordial thermocycling systems. For investigating their potential helicase 
activities, several different types of molecular beacons were designed to serve as 




The origin of life on Earth is the one of the biggest unsolved mysteries of our 
world (Davies, 2000). Religions use myths and legends of supernatural powers to 
explain it. In biological sciences, based on a great diversity of experimental findings 
and assumptions, many different hypotheses have been proposed. 
Centuries ago, people used to believe in the “spontaneous generation of life” 
theory, that nonliving things are able to produce life, like maggots could arise from 
dead flesh (Wiener, 1973). This theory was disproved by a series of experiments 
designed by Louis Pasteur in 1861 (Oparin, 1953). The results of his experiments 
showed that no bacteria or fungi could arise spontaneously in nutrient but sterile 
broth. These results were even utilized by some creationists, claiming that no 
naturalistic ways of origin of life was possible. However, in 1871, Charles Darwin, in 
one of his letters, first suggested that the origin of life might have begun in a “warm 
little pond, with all sorts of ammonia and phosphoric salts, lights, heat, electricity, 
etc. present, so that a protein compound was chemically formed ready to undergo 
still more complex changes”, and that “at the present day such matter would be 
instantly devoured or absorbed, which would not have been the case before living 
creatures were formed.”  
Darwin’s ideas didn’t attract many attentions until the 1920s. In 1924, Oparin 
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proposed that the spontaneous generation of life did indeed happen once with the 
speculation that the atmosphere of the early Earth was almost oxygenless (Oparin, 
Origin of Life, 1924). His speculation was supported by some geochemists’ studies of 
the chemical composition of rocks formed in the primeval era, deducing that the 
primitive Earth atmosphere probably contained carbon dioxide, methane, ammonia, 
hydrogen, nitrogen, hydrogen chloride, hydrogen sulfide and water vapor, but nearly 
no free oxygen. Around the same time, Haldane proposed that the prebiotic oceans 
on Earth would have formed a “hot dilute soup” of various chemicals, in which 
organic compounds could have formed (Bernal, 1969). Put together, Oparin and 
Haldane’s theory was called the primordial soup hypothesis, which suggests that life 
began with spontaneous synthesis of simple organic molecules from nonliving 
matters through simple chemical reactions in the primordial soup/oceans. Their 
hypothesis was significantly promoted by the success of the Miller-Urey experiments 
in 1952. Miller and Urey simulated the atmosphere of the early Earth with a mixture 
of water, hydrogen, methane and ammonia in a recycling apparatus, used electric 
sparks as the energy source, and successfully generated amino acids and some other 
simple organic molecules after a few days’ recycling (Miller, 1953). The primordial 
soup hypothesis is the pioneer of abiogenesis, and is still used by many modern 
theories of the origin of life as the starting point. 
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An alternative of abiogenesis is panspermia, which suggests that primitive life 
may have originated in the outer space, and may have been spread to Earth via 
comets and/or meteorite matters from Mars or some other planet (Rampelotto, 
2010). This theory also has some supporting evidences, like organic compounds 
found in meteorites on earth that have been proved to be not terrestrial 
contamination (Martins, et al., 2008), and even in a distant star system (Than, 2012). 
However, panspermia theory mainly moves the origin location from Earth to another 
planet or comet. How life originated on that planet or comet might most likely still 
need to be answered with abiogenesis theories. 
Currently, a few different modern models of abiogenesis have been proposed by 
biologists. These models could be generally categorized into metabolism-first models, 
genetics-first models, and the trending hybrid models that combine aspects of the 
two aforementioned models. However, none of these models could be considered as 
the standard model. Each model has its own advantages and disadvantages. 
The iron-sulfur world theory is one of the metabolism-first models. The idea of 
this hypothesis was first suggested by Wächtershäuser in 1988 and gradually 
improved in the following decade. The iron-sulfur would theory suggests that the last 
universal common ancestor emerged on the surface of iron sulfide minerals, hence 
the name, inside the deep sea hydrothermal vents (Wächtershäuse, 2000). In this 
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hypothesis, the emergence of an early form of metabolism systems predated 
genetics. The pioneer organism proposed in this theory had a composite structure of 
a mineral base with catalytic transition metal centers, mainly of iron and nickel. 
When the high pressure and high temperature (100 °C) water flow of the 
hydrothermal vent passed over the catalytic transition metal centers, carrying 
dissolved gases, e.g. carbon monoxide, carbon dioxide, ammonia, hydrogen cyanide 
and hydrogen sulfide, the catalytic centers would catalyse autotrophic carbon 
fixation pathways generating small organic molecules. These small organic molecules 
would have been retained on or in the mineral base as organic ligands of the catalytic 
transition metal centers, which became autocatalytic by being accelerated by these 
ligands. Accelerated catalytic centers could have expanded the metabolism, 
producing new and more complex metabolic products, which in return could have 
further accelerated the catalytic centers, which should have also become more 
complex. When the catalytic centers became capable of synthesizing primitive lipids, 
the cellularization would have begun. These synthesized primitive lipids accumulated 
on and/or in the mineral bases, lipophilizing their outer and/or inner surfaces. 
Condensation reactions could have been promoted, as the activity of water and 
protons being lowered by the lipids. After lipid membranes started to form, 
semi-cells would have arisen first, which were still anchored to the mineral base and 
were enclosed partly by the mineral base and partly by the lipid membrane. 
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Eventually, as the lipid further evolved to form self-supporting membranes, the first 
fully closed pre-cells arose, which allowed frequent exchange of genetic materials 
that eventually led to the emergence of the genetic machinery. 
The RNA world theory belongs to the genetics-first models, and is currently the 
most popular hypothesis for the origin of life. This hypothesis proposes that a 
self-replicating RNA world was the precursor to the current DNA-RNA-protein world 
(Gilbert, 1986). And just like the iron-sulfur world, the RNA world was also proposed 
to be located in the inorganic compartments of primordial hydrothermal vents 
(Koonin & Martin, On the origin of genomes and cells within inorganic compartments, 
2005). The RNA world theory and the hydrothermal vent theory are the two 
cornerstones of this thesis, and are going to be introduced in more details. 
1.1.1 RNA World Theory 
In modern cells, DNA, RNA and proteins are the most fundamental molecules. 
DNA stores genetic information in the nuclear. Proteins catalyze biochemical and 
form some of the cells’ structures. RNA plays the intermediate role between DNA 
and proteins. Messenger RNAs (mRNA) transcribe genetic information from nuclear 
DNAs, and then enter the plasma and translate the genetic information into protein 
sequences with the help of ribosome, transfer RNA (tRNA) and certain types of 
enzymes, e.g. aminoacyl-tRNA synthetases (aaRSs), GTPases, and etc. 
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As early as the 1960s, the concept of RNA as a primordial molecule was 
proposed by many biologists (Crick, 1968; Orgel L. E., Evolution of the genetic 
apparatus., 1968). However, back then, biologists imagined the first self-replicating 
system which is consisted of both RNA and proteins. In 1971, Eigen and coworkers 
developed a detailed mathematical theory of a self-replication system, proposing 
that DNA and proteins were both not involved in the first self-replication system, and 
RNA played both roles of storing genetic information and catalyzing biochemical 
reactions (Eigen, 1971). This theory is the prototype of the RNA world theory. 
The similarity between DNA and RNA are quite obvious. There are only two 
chemical differences between DNA and RNA, i.e. deoxyribose versus ribose and 
thymine versus uracil. One strand of RNA and one strand of DNA can bind together to 
form a hybrid double helical structure. RNA is able to store, transmit, and duplicate 
genetic information as DNA does. In extant organisms, RNAs are still used by some 
viruses as their genetic materials. When an RNA virus infects its host, its genetic 
information could transfer from RNA to DNA via reverse transcription. So there is no 
doubt about the capability of RNA to store genetic information. 
The phrase of “RNA world” was first introduced by Nobel laureate Walter 
Gilbert in 1986, when he commented on the novel discoveries of various forms of 
RNA molecules with catalytic properties (Gilbert, 1986), which are called the 
 12 
 
ribozymes. These discoveries of various ribozymes are strong evidences that proteins 
are not the only type of organic molecules that have the abilities of catalyzing, and 
greatly support the RNA world theory. Another important supporting evidence of the 
RNA world theory was the observation that protein structure conservation of 
RNA-binding enzyme families between bacteria and archaea was much higher than 
that of DNA-binding enzyme families, showing that RNA-protein interactions evolved 
much earlier than DNA-protein interactions (Aravind & Koonin, 1999). With all these 
supporting evidences, RNA world theory has become the most popular and most 
prominent candidate among the various theories of the evolution from small organic 
molecules to proto-cells. 
However, the RNA world still faces some challenging problems. One problem is 
that the chemical pathways for the abiogenic synthesis of pyrimidine nucleotides 
under prebiotic conditions were still unclear. Therefore, some biologists proposed a 
“pre-RNA world”, with different types of simpler nucleic acids (Orgel L. , 2000; Nelson, 
Levy, & Miller, 2000), i.e. PNA (peptide nucleic acid), TNA (threose nucleic acid) or 
GNA (glycerol nucleic acid). These hypotheses suggest that one of these nucleic acids 
was the first one to emerge as a prebiotic self-replicating system, which was replaced 
by RNA later (Figure 1.1). However, the abilities of the spontaneous generations of 




One more problem is the fragility of RNA molecules. RNAs are prone to 
mutation and can be easily hydrolyzed and degraded. The genetic information 
storage system of RNA would be much more unstable than the current system of 
DNA, but such an unstable system may still have been acceptable for the primitive 
life. Besides, it was most likely that proteinaceous RNases should not have arisen yet 
in the RNA world, so RNAs were not as easily hydrolyzed back then as they are now. 
However, the strong ultraviolet irradiation would be a major problem when there 
was no ozone protection on the primeval Earth. On the surface of the primordial 
oceans, ultraviolet irradiation was believed to have provided energy for the 
spontaneous synthesis of small organic molecules, including the nucleotides, but its 
high energy could also degrade the long nucleic acids. Another problem is that for 
the synthesis of RNA, a very high concentration of nucleotides was necessary (Dose, 
1975; de Duve, 1991), but the concentration of small organic molecules synthesized 
on the surface of primordial oceans was believed to be extremely low. Therefore, the 
synthesis of RNA should have occurred in another location on the primordial Earth, 
which was able to accumulate a large amount of nucleotides and provide protection 
against ultraviolet irradiation as well. The sub-marine hydrothermal vents, discovered 
along the ocean ridges, fulfilled these requirements perfectly. 
 14 
 
1.1.2 Hydrothermal Vent Theory 
The first submarine hydrothermal vent discovered in 1977 is a black smoker on 
the East Pacific Rise (Spiess & Macdonald, 1980). The chemical activities of 
hydrothermal vents at submarine ridge crests were discovered by Edmond, 
Vondamm et al. in 1982 (Edmond & Vondamm, 1982), followed by continuous 
discoveries of hundreds of vent fields along the ocean ridges. The finding of a 
submarine hydrothermal vent field called the Lost City, in 2000, is one of the most 
astonishing discoveries (Kelley & Karson, A serpentinite-hosted ecosystem: the Lost 
City hydrothermal field., 2005). Numerous studies of the Lost City have provided 
plenty of convincing evidences. 
The spontaneous synthesis of small organic molecules might proceed very 
slowly, but the primeval Earth had millions of years for accumulation. The primeval 
Earth lacked both living organisms and oxygen to degrade these spontaneous 
synthesized small organic molecules. However, it also lacked an ozone layer for 
protection against the high-energy ultraviolet light, which may have been energy 
source for the spontaneous synthesis of the small organic molecules, but, at the 
same time, is also hazardous for larger and more complex organic molecules. 
Moreover, one simple but essential problem with the abiogenesis is diffusion and 
dilution. However, high concentrations of organic molecules in the entire primordial 
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ocean are totally impracticable, as shown by extrapolations of some geochemical 
studies (Dose, 1975; Mojzsis, Harrison, & Pidgeon, 2001). The aforementioned 
problems could only be solved by compartmentalization at a safe location that is out 
of ultraviolet light. Spatial compartmentalization is essential for the functioning of 
biological systems. In modern cells, compartmentalization is provided by a complex 
and highly evolved system of membranes, consisting of lipids and proteins. Modern 
cell membranes serve to maintain a high concentration of organic molecules inside 
the cell, and provide effective means for communication with the extracellular 
environment via various transport and signaling pathways at the meantime (Ellis, 
2001). For achieving a high concentration of small organic molecules and for the 
subsequent prebiotic reactions to produce the minimal complexity required for the 
origin of the first life, it is essential to locate an effective abiogenic concentrating 
compartment system which also provides protection against ultraviolet irradiation. 
 In 1994, Russell and coworkers proposed their hydrothermal vent theory of the 
origin of life (Russell & Daniel, 1994), suggesting (1) that hydrothermal vents consist 
of numerous microscopic compartments coated by thin membranous iron sulfide 
walls, (2) that the thermal water flow through the vents provides a constant source 
of simple organic molecules and energy, and (3) that the thermal and 
electrochemical gradients and versatile inorganic catalysts (FeS and NiS) inside the 
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hydrothermal vent provide optimum zones for different reactions, e.g. monomer 
synthesis in the hotter regions, oligomerisation in the colder parts, which is the 
dissipative environment required for the origin of complex structures. This theory 
provides a natural means, the physical micro compartments, to concentrate organic 
molecules, thus increasing the chance of oligomerisation. And their underwater 
locations also provided protections against ultraviolet irradiation. Meanwhile 
synthesis of lipid membranes is not necessary in this model until all cellular functions 
were developed.  
Such networks of inorganic compartments, formed mainly of iron sulfide, still 
exist in the vicinity of modern hydrothermal vents (Kelley, et al., 2001), like the Lost 
City, and have been recovered from fossils of various ages as well (Shock, 1992). 
Moreover, the idea that the early evolution of life happened in an abiogenic 
compartmentalized environment is compatible with the obvious non-homology of 
the membranes and the respective biosynthetic machinery in the two prokaryotic 
domains of life, bacteria and archaea. In 2005, based on the previous studies, Koonin 
and Martin proposed that the last universal common ancestor might not necessarily 
have a biogenic membrane and exist as a free-living cell; instead it could probably 
arise and exist inside the inorganic abiogenic micro compartments of the 
hydrothermal vents. In other words, the last universal common ancestor could be a 
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non-cellular but compartmentalized entity (Koonin & Martin, On the origin of 
genomes and cells within inorganic compartments, 2005). Therefore, the 
hydrothermal vent theory actually provides a plausible, and perhaps the mostly likely 
cradle of life that is suitable for all steps of pre-cell evolution, i.e. prebiotic organic 
monomer synthesis, oligomerisation, emergence of a self-replicating RNA system 
(the RNA world), arising of metabolism (the iron-sulfur world), and eventually the 
appearance of the last universal common ancestor. 
 
Figure 1.2 Heat-driven molecular accumulation in hydrothermal pores (Basske, Weinert, 
Duhr, Lemke, Russell, & Braun, 2007). (Permission: confirmed) 
In 2007, Baaske and coworkers used a section of aragonite from the submarine 
hydrothermal vent field at the Lost City (Figure 1.2a) in their lab to simulate the 
highly porous mineral precipitates surrounding hydrothermal vents (Basske, Weinert, 
Duhr, Lemke, Russell, & Braun, 2007). Their simulation showed a strong 1,200-fold 
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downward accumulation of single nucleotides for a 5 mm bent cleft (Figure 1.2b), 
with a 30 K thermal gradient applied. A concatenation of three of such pores would 
be able to achieve a 1,2003=1.7x109-fold accumulation. Such an extreme 
accumulation is driven solely by the thermal gradient in a two-fold way. As shown in 
Figure 1.2c, the thermal convection shuttles molecules vertically, while the 
thermo-diffusion pushes the molecules horizontally to the right, resulting in a strong 
molecular accumulation from the top to the bottom. Concentrating small molecules 
like nucleotides is quite difficult even with conventional biotechnological or 
microfluidic laboratory methods, because of their considerable diffusion. The 
simulation studies of Baaske et al. showed that the temperature gradient and the 
water flow turned the inter-linked pore systems into an extremely efficient 
concentrator of nucleotides, providing a compelling high-concentration starting point 
of molecular evolution of life. And their studies also further proved that complicated 
membrane transport, which helps modern cells to accumulate a high concentration 
of organic molecules from the environment, was not compulsory at the early stages 
of the evolution of life.  
The above simulation studies provided a critical boost to the model proposed by 
Koonin in the same year, suggesting that the hydrothermal vent is “an RNA-making 
reactor for the origin of life” (Koonin, An RNA-making reactor for the origin of life, 
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2007). A simplified hydrothermal vent inorganic compartment system with four 
compartments is shown in Figure 1.3. The hottest compartment 1 is able to 
accumulate a large amount of mononucleotides. At such high concentrations of 
mononucleotides, the equilibrium of the reaction would be shifted from hydrolysis to 
polymerization. And in compartment 2, the abiogenically synthesized RNA molecules 
start to accumulate. In the cooler compartment 3, the RNA molecules start to ligate 
and recombine with one another, and could 
possibly produce some new RNAs with 
catalytic activities. A globular ribozyme, the 
putative RNA replicase, is shown in 
compartment 4. After the arising of this key 
ribozyme and some other required 
ribozymes, the RNA world would start to 
emerge. 
Figure 1.3 Evolution of an RNA population in a network of inorganic compartments (Koonin, 
2007). (Permission: confirmed) 
Koonin’s model is by far the best imaginable abiogenic system for the 
emergence of the RNA world. Furthermore, these prebiotic compartments would 
also be expected to accumulate other abiogenically synthesized organic monomers, 
like amino acids, thus providing a favourable environment for the emergence of 
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translation and transition from the RNA world to the RNA-protein world. 
However, this system mainly uncovered the mystery of the intermediate stages 
of the origin of life, from a pool of small organic molecules to a population of RNAs. 
Several serious difficulties associated with the origin of life are still mysterious, e.g. 
the spontaneous abiogenic synthesis of mononucleotides is still problematic; the 
proposed ribozyme RNA replicase is still a hypothesis entity (Joyce, 2007); the 
evolutionary path to the translation systems still remains mostly unknown (Penny, 
2005). 
1.1.3 The Ribosome and the Emergence of Translation  
The RNA world would have eventually been 
replaced by the modern DNA-RNA-protein world 
through an intermediate ribonucleoprotein stage, 
or an RNA-protein World, as shown in Figure 1.4, 
(Gesteland & Atkins, 1993; Penny, 2005). 
However, such transition would only be possible 
after the emergence of protein synthesis. In the 
RNA world, some ribozyme, the ancestor of the 
ribosome, might have evolved the ability to 
catalyse peptide ligation or amino acid 
Figure 1.4 The transition from the 
RNA world to the RNA-protein 
world and eventually to the 
modern DNA-RNA-protein world. 
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polymerization. During the evolution, the synthesized proteins would grow big 
enough to self-fold and gradually gain more catalytic activities. When proteins 
became capable of replacing the ribozymes in most specialized biochemical catalysis, 
the RNA-protein world would finally replace the RNA world. The modern protein 
synthesis machinery in all living cells, the ribosome, is believed to have emerged 
during this transition. Furthermore, the genetic storage system of RNAs would 
eventually be replaced by the much more stable DNAs for increasing the stability of 
the genetic storage system. But RNAs are still fully responsible for the templated 
biological protein synthesis, i.e. the translation. The emergence of translation is such 
an essential milestone during the early evolution of life. But how it actually 
happened still remains mysterious. The emergence of translation has attracted a 
great number of researches, most of which focused on the modern translation 
machinery, i.e. the ribosome. 
1.1.3.1 Previous Studies of Ribosomal Structures and Functions 
The ribosome serves as the primary molecular machinery for the templated 
biological protein synthesis, i.e. the translation, in all living cells (Korostelev, 2011). It 
is a large molecular complex comprised of both RNAs and proteins, i.e. a 
ribonucleoprotein, and is believed to be an evolutionary remnant of the RNA-protein 
world. Such an essential and complex apparatus is believed to be consistent 
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throughout the evolution, therefore should have emerged at early stages but have 
evolved slowly afterwards. The ribosome was discovered by George Emil Palade in 
the mid-1950s (Palade, 1955), and named by Richard B. Roberts in 1958 (Roberts, 
1958). And its important role in protein synthesis and gene expression was 
elucidated in the following decade. Since then, the studies of components, structures, 
and functions of the ribosome have been a very active field in molecular biology. 
Ribosomal Components and Structures  
Ribosomes of prokaryotes, for example, consist of a large subunit (50S) and a 
small subunit (30S), which together compose the 70S ribosome, (Figure 1.5). The 50S 
large subunit consists of 23S ribosomal RNA (rRNA), 5S rRNA, and about 30 
ribosomal proteins, while the 30S small subunit consists of 16S rRNA and about 20 
proteins. Their counterparts in eukaryotes are approximately 30% larger, 60S large 
subunit, 40S small subunit, and 80S ribosome respectively (Schmeing & 
Ramakrishnan, 2009). 
The first high-resolution crystal structure available was the structure of the 50S 
subunit at 2.4 Å resolution from an archaean, Haloarcula marismortuii (Ban, Nissen, 
Hansen, Moore, & Steitz, 2000). Since this first break through, various 
high-resolution three-dimensional structures of archaeal and bacterial ribosomes 
have been published, e.g. the structure of the 50S subunit at 3.1 Å resolution from a 
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mesophilic bacterium, Deinococcus radioduarans (Harms, 2001), two independent 
structures of the 30S subunit from a thermophilic bacterium, Thermus thermophiles, 
at 3.3 Å resolution (Brimacombe, The bacterial ribosome at atomic resolution., 
2000)and 3.05 Å resolution (Wimberly, 2000), and the structure of E. coli 70S 
ribosome at 3.5 Å resolution (Schuwirth & Borovinskaya, 2005). These ribosomal 3D 
crystal structures at atom-size resolutions have drastically boosted the understanding 
of the ribosome. 
As shown in Figure 1.5, both large and small subunits have three tRNA binding 
sites, the A (aminoacyl) site that accepts the incoming aminoacylated tRNA, the P 
(peptidyl) site that holds the aminoacylated tRNA close to the nascent polypeptide 
chain, and the E (exit) site that holds the deacylated tRNA before it is released from 
the ribosome. The interface between the large and small subunits consists mainly of 
ribosomal RNAs. The cleft between the ‘head’ and ‘body’ of the small subunit is the 
binding position for the mRNA, and is also the decoding center (DC) for the 
interaction of the codons on the mRNA with the anticodons on stem-loops of the 
tRNAs. Meanwhile, the 3’ ends of A- and P-site tRNAs are in close proximity in the 
peptidyl transferase center (PTC) of the large subunit, where the polypeptide chain 
elongates, whereas the E-site tRNA is about 50 Å away from the PTC. When the 




Figure 1.5 Structures of prokaryotic ribosomes. Top view of the 70S ribosome (a), exploded 
view of the 30S subunit (b) and 50S subunit (c) with mRNA, A-/P-/E-site tRNAs and mobile 





The mechanism of translation is getting clearer since the high-resolution 
structures of the prokaryotic ribosomes became available (Schmeing & 
Ramakrishnan, 2009). As shown in Figure 1.6, the mechanism of bacterial translation 
has three main stages, initiation, elongation, and termination.  
Figure 1.6 An overview of the translation mechanism of prokaryotes (Schmeing & 
Ramakrishnan, 2009). (Permission: confirmed) 
The mechanism of the initiation of translation is still uncertain. A probable first 
step of initiation is the binding of initiation factor 3 (IF3) to the 30S subunit that is 
released from the 50S subunit by ribosome recycling factor (RRF) and elongation 
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factor G (EF-G) after the termination of the previous translation procedure. The 
binding of IF3 stimulates the releases of the leftover mRNA and deacylated tRNA 
from the 30S subunit (Karimi, Pavlov, Buckingham, & Ehrenberg, 1999). The 30S-IF3 
complex then binds with mRNA, IF1, IF2 and a specialized initiator tRNA, 
fMet-tRNAfMet, to form the 30S initiation complex. IF2 is a GTPase, which then 
promotes the joining of the 50S subunit to form the 70S initiation complex, 
accompanied by the release of IF3 (Grigoriadou, Marzi, Pan, Gualerzi, & Cooperman, 
2007). After GTP hydrolysis and phosphate released from IF2, fMet-tRNAfMet enters 
the peptidyl transferase center of the 50S subunit, and the ribosome is now ready for 
elongation. 
During the initiation, the 30S subunit binds with the mRNA through the 
base-pairing of the 3’ end of the 16S ribosomal RNA and the Shine-Dalgarno 
sequence on the mRNA. The Shine-Dalgarno (SD) sequence is the ribosomal binding 
site on bacterial and archaeal mRNAs, generally located 8 bases upstream of the start 
codon. The SD sequence was proposed by Shine and Dalgarno in 1975, with a 
six-base consensus sequence of AGGAGG; in E. coli the full SD sequence is AGGAGGU 
(Shine & Dalgarno, 1975). The complementary sequence located at the 3’ end of the 
16S rRNA is called the anti-Shine-Dalgarno sequence, or the mRNA binding site. The 
base-pairing of these two sequences brings the ribosomal small subunit to the 
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vicinity of the start codon, and positions the start codon precisely at the P site of the 
ribosome with the help of initiation factors (IF1-3) and the specialized initiator tRNA.  
After the initiation, the ribosome contains the initiator tRNA at the P-site and an 
empty A-site. Following that, the elongation cycle starts to sequentially adding amino 
acids to the polypeptide chain until the ribosome reaches the stop codon on the 
mRNA. The first step of the elongation cycle is decoding, which delivers the correct 
aminoacyl-tRNA, as determined by the mRNA codon, to the A-site of ribosome, in 
the form of a ternary complex of elongation factor Tu (EF-Tu), GTP and the 
aminoacyl-tRNA. The binding of the appropriate ternary complex in the A-site results 
in GTP hydrolysis by the EF-Tu, which is then released from the ribosome. Following 
the release of EF-Tu, the aminoacyl end of the A-site tRNA then moves into the 
peptidyl transferase center (Valle, 2003). This step is also called accommodation. 
Following the accommodation, the most important chemical reaction in protein 
synthesis, the peptide-bond formation, takes place in the peptidyl transferase center, 
which is located in region 5 of the 23S rRNA, at the bottom of a large cleft of the 50S 
subunit (Nissen, Hansen, Ban, Moore, & Steitz, 2000). In this peptidyl-transferase 
reaction, the α-amino group of the A-site aminoacyl-tRNA attacks the ester carbon of 
the P-site peptidyl-tRNA to form a new peptide bond. 
After the peptide bond formation, the nascent polypeptide chain is relocated to 
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the A-site tRNA, leaving a deacylated tRNA in the P-site. For the next cycle of 
elongation to start, the tRNAs and the mRNA need to be relocated. During the 
translocation step, the peptidyl-tRNA moves from the A-site to the P-site, and the 
deacylated tRNA relocates from the P-site to the E-site, with a movement as large as 
50 Å for its 3’ end. Meanwhile, the mRNA move precisely by one codon, unless there 
are errors or programmed frame-shifts. Movements of the tRNAs happen first, with 
respect to the 50S subunit. The P/E hybrid tRNA state forms first, followed by the A/P 
hybrid tRNA state, spontaneously after the peptide-bound formation, with the 
ribosomal subunits rotating by about 6° relative to each other. After the rotation of 
the subunits, the ribosome forms a ratcheted state, and oscillates between the 
unratcheted and ratcheted states, until it is stabilized by the binding of the GTPase 
elongation factor G (EF-G). Only after the binding of the EF-G, the second step of the 
translocation, the movements of the tRNAs and the mRNA with respect to the 30S 
subunit, can happen (Moazed & Noller, 1989). The EF-G in its GTP-bound form has an 
altered conformation. And upon binding with the ratcheted state ribosome, its 
GTPase domain becomes ordered (Connell, 2007). The EF-G finally becomes fully 
activated and catalyses the translocation of the tRNAs and the mRNA relative to the 
30S subunit. After the translocation, the ribosome is now ready for the next round of 
the elongation cycle. 
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The elongation cycle continues until the stop codon on the mRNA enters the A 
site, which signals the ending of the translation. The stop codon is recognized by a 
class I release factor (RF1 or RF2, depending on the stop codon), which then cleaves 
the nascent polypeptide chain from the P-site tRNA, resulting in the release of the 
newly synthesized protein from the ribosome. Following the protein release, the 
class II release factor (RF3) binds to the ribosome-RF1/2 complex, and accelerates 
the dissociation of RF1/2, which is accompanied by the GTP hydrolysis by RF3. After 
the release factors dissociate from the ribosome, only the mRNA and a deacylated 
tRNA are left in the ribosome. The ribosome is then recycled, i.e. split into separate 
subunits, by the ribosome recycling factor (RRF), together with EF-G (Hirashima & 
Kaji, 1973). After the ribosome recycling, a new round of protein synthesis is ready 
for initiation. 
1.1.3.2 Studies and Hypotheses of the Emergence of the Translation 
As reviewed in the previous section, the ribosome is such a complex RNA 
apparatus, and its basic functions are mainly accomplished by rRNAs. These studies 
also showed that the translation procedure involved mainly RNAs, i.e. mRNA, tRNA, 
and rRNA, with the help of some protein factors. The evolution of the ribosome is 
still not clear, but it is commonly accepted that the ribosome emerged at the late 
stage of the RNA world, and triggered the transition from the RNA world to the 
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RNA-protein world (Poole, Jeffares, & Penny, 1998). The emergence of translation 
was such an important milestone of the evolution of life. Numerous studies have 
focused on the evolution of ribosome as well as other translation components. Some 
protein factors, like the aminoacyl-tRNA synthetases, have been proposed with 
RNA-based precursors, which greatly supported the idea that the translation 
emerged in the RNA world. 
For example, aminoacyl-tRNA synthetases (aaRSs) are essential proteins for the 
translation procedure. The transfer RNA (tRNA) aminoacylation catalysed by aaRSs 
and mRNA decoding meditated by the small subunit codetermine the accuracy of the 
protein synthesis. Each aaRS catalyses the aminoacylation reactions of one specific 
kind of amino acids with their respective tRNAs. The aaRSs are multi domain proteins 
with only one domain working as the catalytic center. The other domains are capable 
of binding the anticodon on the tRNA, stabilizing tRNA-aaRS binding, and deacylating 
tRNAs. Based on the sequence and structure of their catalytic domain, aaRSs can be 
categorised into two classes, both of which are specific and highly conserved among 
different organisms from all domains of life. The aminoacylation of tRNAs catalysed 
by aaRSs provides basic building blocks for the protein synthesis. Undoubtedly, the 
evolution of aaRSs should have been closely related to the evolution of the 
translation. However, the protein-based aaRSs actually present an evolutionary 
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paradox that during the evolution of the translation, aminoacylation should have 
emerged before the protein biosynthesis, which was impossible as aminoacylation 
required aaRSs that had not been synthesized yet as proteins. In 2000, Lee and 
co-workers reported a ribozyme derived by directed in vitro evolution, which is 
bifunctional: being able to recognize an activated glutaminyl ester and catalyse the 
aminoacylation of a targeted tRNA, (Lee, Bessho, Wei, Szostak, & Suga, 2000). This 
aaRS-like ribozyme provides a possible explanation for the above evolutionary 
paradox that at the initial stage RNA-based aaRSs were responsible for 
aminoacylation instead of proteinaceous aaRSs. 
The RNA replicase theory 
During the translation process, completely independent activities are brought 
together by the ribosome: the small subunit binds with the mRNA and the anticodon 
hairpin ends of tRNAs ; and the large subunit binds with the opposite ends, the 
amino-acid acceptor stems, of the these tRNAs and catalyses peptidyl transfer. The 
functions of the large subunit must not be influenced by the mRNA sequence, which 
is decoded by the small subunit. Individually, the functions of one subunit do not 
make any sense for the templated protein synthesis, the small subunit mainly 
promotes the tri-nucleotides base-pairing of two RNA molecules, i.e. mRNA and 
tRNA; and the large subunit is just another transpeptidase. This indicates that the 
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translation apparatus must have already become very complex before the encoded 
protein synthesis could function (Poole, Jeffares, & Penny, 1998; Noller, 2006; Wolf & 
Koonin, 2007). In other words, as the evolution of life has no foresight, the 
intermediate precursors of the modern ribosome would have no evolutionary 
advantage, if they were made solely for the templated protein synthesis. This means 
that, in the RNA world, the ancestor of the modern ribosome must have evolved 
towards some different functions (pre-translation), which later sub-functionalized 
into templated protein synthesis (modern translation). The trigger of the switch from 
pre-translation to modern translation was most likely the addition of the genetic 
code. Before this addition, some simple ribozyme with template-independent 
peptidyl transferase activity could have already existed in the RNA world (Wolf & 
Koonin, 2007). It is believable that the pre-translation system should have been 
essential for the primordial RNA organism, so that it would not be eliminated by 
natural selection. Besides, this system should have developed basic functional 
characteristics of modern translation: coordinated binding of template RNA and 
tRNAs, peptide bound formation, and translocation. Moreover, this pre-translation 
system should also have been prone to acquire the genetic code for the following 
sub-functionalization (Zenkin, 2012). 
As early as 1998, when the high-resolution crystal structures of the ribosome 
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were still not available and the mechanism of translation was unclear at all, Poole 
and co-workers proposed a sequential and coherent Darwinian model for the 
emergence of translation, suggesting that the modern protein-synthesizing ribosome 
evolved from a high-fidelity RNA polymerase/replicase in the RNA world (Poole, 
Jeffares, & Penny, 1998). Poole’s model proposed that the RNA replicase (the 
predecessor of the ribosome) bound to and moved on the template RNA (the 
predecessor of mRNA) to synthesize a new strand of RNA, by ligating tri-nucleotides 
(the predecessors of anticodons) cleaved from longer RNAs (the predecessors of 
tRNAs), in a template-dependent manner, as shown in Figure 1.7. It was suggested by 
several researchers that short nucleotide chains, instead of single nucleotides, were 
used for RNA synthesis in the RNA world (Sharp, 1985; Orgel L. E., 1986; Doudna & 
Szostak, 1989; Gordon, 1995). The advantage of such a mechanism is that adding 
short nucleotide chains, compared to single nucleotides, would require longer 
bonding time with the template RNA, and give the RNA-replicase more time for its 
decoding, cleaving, and ligating reactions. This extra time could be very important in 
the RNA world, as ribozymes reacts much more slowly than proteinaceous catalysts 
(Jeffares, Poole, & Penny, 1997). Besides, adding single nucleotides was also 
experimentally demonstrated to have relatively low fidelity in such slow reactions. In 
1996, Ekland and Bartel reported a ribozyme, generated by in vitro evolution, which 
was able to catalyse the additions of single nucleotides from triphosphates. The rate 
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of the addition catalysed by this ribozyme was very low, about seven reactions per 
hour, while the inaccuracy rate was relatively high, more than one error per 100 
nucleotides (Ekland & Bartel, 1996). However, if the nucleotide chains were too long, 
the base pairs matching time would increase drastically. For example, finding the 
right match for a tetra-nucleotide would take four times longer than for a 
tri-nucleotide (Poole, Jeffares, & Penny, 1998). The modern tri-nucleotide anticodon 
could be a result of natural selection between accuracy and efficiency. 
 
Figure 1.7 An ancient RNA replicase as the precursor of the ribosome (Poole, Jeffares, & 
Penny, 1998). (Permission: confirmed) 
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The RNA replication accuracy could be further increased if amino acid tags 
happened to be added to the pre-tRNAs. Adding an amino acid tag to a pre-tRNA was 
absolutely possible in the RNA world, as an aaRS-like ribozyme has already been 
artificially derived. Besides, this would be an improvement over just using the 
tri-nucleotide for specificity of the bindings between pre-tRNAs and the 
RNA-replicase. Initially, such amino acid tags would not have been involved in protein 
synthesis, but they could have helped establish the relationship between amino acids 
and tRNAs. The addition of amino acid tags would have been favoured by the natural 
selection during the evolution of life, as it could increase the fidelity of RNA 
replication. So it could have happened at a very early stage of the RNA world. 
It was further proposed that the first proteins arisen in the RNA world would 
have been very short, of low specificity, binding with RNAs and with chaperone-like 
activities (Jurka & Smith, 1987). These ancient proteins mainly helped increase the 
stability and maintain the tertiary structures of ribozymes. Such simple functions 
even need not have been genetically encoded. When amino acids were brought 
together by the pre-tRNAs during RNA replication, they could be ligated by a special 
ribozyme, possibly the ancestor of the PTC in the large subunit of the ribosome, to 
form the first short proteins. At such an early stage, the precise sequence of amino 
acids may not be crucial, so this early peptide synthesis system need no have been 
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highly accurate. These primitive proteins were unlikely to have catalytic activities. 
However, as they could help increase the stability of the ribosomes, the accuracy and 
efficiency of the primitive protein synthesis system could have increased, resulting in 
the production of some more complex proteins, which in return further increased 
the accuracy and efficiency of the primitive protein synthesis system. Some of the 
more complex proteins could start to acquire catalytic activities. Proteins and the 
proto-ribosome co-evolved until the protein synthesis became genetically encoded. 
Only after such an event, could the sophisticated and catalytic proteins be 
synthesised constantly and accurately. 
The RNA replicase theory is indeed a quite plausible and rational Darwinian 
model. However, there are several aspects that could not be explained by this 
hypothesis. For example, the intermediate evolutionary activities of the 
pre-translation are expected to have remnants conserved in the modern ribosome. 
However, the pre-tRNA cleavage and tri-nucleotide ligation activities of the 
RNA-replicase are obviously absent from the small subunit of the modern ribosome. 
Moreover, the mechanism of the regeneration of cleaved pre-tRNAs has not been 
found in any form in the mechanism of the maturation of modern tRNAs.  
The RNA helicase hypothesis 
Recently in 2011, Zenkin proposed an alternative hypothesis for the emergence 
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of translation, the RNA helicase hypothesis, which resolved most difficulties of the 
above mentioned RNA replicase theory (Zenkin, 2012). Zenkin’s hypothesis proposed 
that (1) the translation emerged as the result of the evolution of a primordial RNA 
helicase, the predecessor of the modern ribosome; (2) the codon-anticodon 
interactions of tRNAs with mRNA evolved as a mechanism used by this RNA helicase 
to melt RNA duplexes; (3) the peptide bond formation arose to drive the 
unidirectional movement of this RNA helicase along the template RNA via a 
molecular ratchet mechanism powered by Brownian motion; (4) the protein 
synthesis could have been a side product of this RNA helicase activity; (5) the first 
templates for protein synthesis would have been some functional ribozymes, and the 
first synthesized proteins would have been of random and/or non-sense sequences; 
(6) the assignment of amino acids to the pre-anticodons could have help reduce the 
randomness of the proteins; (7) template RNAs of proteins that are beneficial to the 
primordial RNA organism would have gradually become dedicated to the coding of 
protein synthesis, resulting in the development of genetic code; (8) when the RNA 
helicase was replaced by a proteinaceous helicase, it finally became the first 
ribosome, and thereafter was dedicated to the templated biological protein synthesis, 
i.e. the translation. The proposed evolutionary scenario of the RNA helicase is shown 
in Figure 1.8. 
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An RNA helicase would have been essential for a self-replicating RNA system, as 
ribozymes are active as single-stranded units. The RNA replication would result in 
extensive double-stranded helices, which needed to be melted to produce 
single-stranded active ribozymes (Taylor, 2005a; 2005b). In a helicase-free RNA world, 
the equilibrium between the single stranded and double stranded forms is always 
shifted towards the second one, which would soon results in the extinction of such 
an RNA systems in an inactive double-stranded state. Thermal denaturing is also 
suggested to be responsible for the double-strands melting. However, lowering the 
temperature after denaturing is important for the replication, as the RNA replicase 
and the pre-tRNAs need to be folded into active forms at moderate temperatures. 
And it is unclear how to separate these melted single strands far enough apart from 
each other to prevent their self-annealing at lower temperature (Kovac, Nosek, & 
Tomaska, 2003). Besides, in an effective accumulating system, like the hydrothermal 
vent, it would be extremely difficult to separate these single strands. Moreover, if 
one of the melted single strands indeed somehow got far enough apart, its chances 
for further replications would get diminished. Therefore, thermal denaturing would 
not be a good enough alternative for a helicase mechanism, especially when the RNA 
world became more developed and RNA molecules got much longer and more 
sophisticated. Even if the RNA world could survive in a double-stranded form, the 
RNA replicase would most likely still need an RNA helicase to unwind the mother 
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strand into single-stranded template, similar to what is required by the modern DNA 
polymerase. 
Besides the necessity of an RNA helicase in the RNA world, as mentioned above, 
some helicase-like activities can still be observed in the modern ribosome, as relics of 
the intermediate evolutionary activities of the pre-ribosome. One important 
property of the modern translation apparatus is its ability to melt almost all 
structures in an mRNA molecule. Such a helicase-like property should be essential for 
the ribosome, as it operates on various mRNAs that may form very different 
secondary or tertiary structures. This helicase-like activity is most likely a property of 
ribosomal RNAs, though it may be assisted by the ribosomal proteins to some extent, 
and is independent of translational protein factors (Takyar, Hickerson, & Noller, 2005). 
Moreover, a small but highly conserved domain of the modern ribosomal small 
subunit rRNA (the 16S rRNA in prokaryotes) forms a channel where mRNA is bound 
in such a conformation that is incompatible with the formation of a double helix 
(Weixlbaumer, et al., 2008; Yusupova, Yusupov, Cate, & Noller, 2001). Furthermore, 
the small subunit of the eukaryotic ribosome has been experimentally demonstrated 
to be capable of melting RNA secondary structures (to some extent) without other 




Based on the above observations, Zenkin proposed that the ancient RNA 
helicase was the predecessor of the modern 16S rRNA. This initial RNA helicase 
should have been a simple ribozyme that acted as a chaperon rather than a real 
helicase to melt duplexes (Figure 1.8a). The evolutionary pathway of the proposed 
RNA helicase hypothesis is shown in Figure 1.8. Initially, the chaperon-helicase was 
recruited by the RNA replicase (the dashed oval in Figure 1.8a-d), for keeping the 
nascent RNA chain temporarily single-stranded, and preventing it from annealing 
with the template RNA (Figure 1.8a). The interaction between this initial 





Figure 1.8 Schematic representation of the proposed evolution of the RNA helicase that led 




The double-helix formation would proceed spontaneously after the formation of 
3-4 base pairs (Craig, Crothers, & Doty, 1971; Porschke, 1977; Zeiler & Simons, 1998). 
Some attachable adapters (predecessors of modern tRNAs) were proposed, that 
were able to base pair with the single-stranded substrate RNA via short stretches, 
most likely triplets, of variable sequences (predecessors of anticodon), when the 
substrate RNA was bound by the chaperone-helicase (Figure 1.8b). Because of the 
short stretches in the base pairing, the binding of the adapters should have been 
transient. Therefore, a cooperative binding of several adapters would possibly 
provide enough energy to counterpart the annealing of the substrate RNA to its 
template. By utilising these adapters, the chaperone-helicase would be able to 
interact with its substrate RNA tightly but temporarily, to prevent double helix 
formation and release the nascent single-stranded RNA production. Such a 
chaperone-helicase would be favoured by the natural selection. 
The second subunit of the chaperon-helicase, the predecessor of ribosomal 
large subunit rRNA (23S rRNA), was proposed to have emerged for increasing the 
specificity of the binding between the adapters/pre-tRNAs and the 
chaperon-helicase. The second subunit could possibly recognize some common 
features of the pre-tRNAs, possibly the 3’ end CCA tri-nucleotide which is conserved 
in all modern tRNAs, thus increasing the concentration of adapters and tightening 
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their cooperative binding (Figure 1.8c). 
Zenkin’s RNA helicase theory didn’t propose a driving force for the emergence 
of aminoacylation of the adapters (Figure 1.8d). But in Poole’s RNA replicase theory, 
the aminoacylation of the 3’ ends of the pre-tRNAs was proposed to have emerged 
to increase the specificity of the pre-tRNAs’ binding to the pre-ribosome (Poole, 
Jeffares, & Penny, 1998). However, the emergence of aminoacylation of the adapters 
may initially be unrelated to the development of the translation procedure. For 
example, it is also proposed that the aminoacylation could have emerged to protect 
adapters from 3’ end exonucleases cleavage, or as a result of misincorporation of 
amino acids instead of nucleoside monophophates at the ends of the pre-tRNA 
chains during replication (Taylor, 2006). In 1999, ribozymes capable of catalysing the 
activation of amino acids and aminoacylation were derived by in vitro artificial 
selection (Illangasekare & Yarus, 1999), suggesting that aminoacylation of pre-tRNAs 
could have occurred with the help of some ribozymes in the RNA world, despite that 
the reasons behind its emergence are still unclear. 
In the above-mentioned early stages of the evolution of the ribosome, the 
activities of the chaperon-helicase remained chaperon-like, which meant that it was 
still a part of or a domain of the primordial RNA replicase, that it could not actively 
melt stable double-stranded substrates, and that its processive movement is driven 
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by the replicase (Figure 1.8a-d). However, as the RNA organism became more 
complex, the chaperon-helicase need eventually evolve into a real helicase that could 
actively unwind and move along its substrates (Figure 1.8e). 
The driving force of the active unidirectional molecular ratchet movement of 
the ‘real’ helicase along the template RNA was proposed to be the chemical 
modifications of the adapters resulting from the peptide bond formation (Figure 
1.8e). When the aminoacylated ends of adapters were bound in a very close 
proximity in the second subunit of the RNA helicase, the peptidyl transferring might 
have reacted spontaneously. Binding sites on the second subunit for the acceptor 
ends of the adapters could have developed specific affinities toward three adapter 
forms, aminoacylated-, peptidyl-, and discharged-, similar to the three tRNA binding 
sites in the modern ribosome. This development of affinity binding sites would have 
resulted in a unidirectional shift of acceptor stems of the adapters upon peptide 
bond formation, followed by the deacylated-adapter releasing and Brownian thermal 
motion shifting pre-anticodons into the respective binding sites on the first subunit. 
The pre-anticodons shifting driven by the Brownian thermal motion is reversible, and 
its backward motion could have been blocked by the binding of a new aminoacylated 
adapter in the vacant A-site (Figure 1.8e). These motions would eventually lead to 
the movement of the substrate RNA through the helicase, resulting in the active 
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unwinding of secondary structures of the substrate RNA. Similar to the RNA replicase 
theory, the hydrolysis of the ester bond between amino acid and the P-site adapter 
could have been an intermediate evolutionary step to be utilised for molecular 
ratchet movement of the primordial replicase/helicase (Poole, Jeffares, & Penny, 
1998). 
The initial aminoacylation of adapters could have been totally random, more 
than 20 amino acids could have been bound to the adapters with 64 pre-anticodons, 
resulting in the production of random/non-sense peptide chains as the side products 
of the processive movement of the helicase along its substrate RNA. Being the ‘waste’ 
of the RNA helicase activities, the random peptides would most likely have been 
harmful to the primordial RNA organism, which would be forced by the evolutionary 
pressure to avoid the randomness in peptide production, and to make these peptides 
harmless and/or useful. The best way to diminish the randomness, before the 
emergence of the genetic code, was to select particular amino acids and assign them 
to adapters with specific pre-anticodons. However, the templates would still have 
been functional ribozymes. After the selection and assignment, the side productions 
of the RNA helicase activities could have gradually become non-random, less harmful 
and/or more useful.  
The first useful proteins would most likely have been the structural components 
 46 
 
of the pre-ribosome (predecessors of the ribosomal proteins in the modern 
ribosome). After the primordial RNA organisms were benefited from the presence of 
such useful proteins, their RNA templates (pre-mRNAs) would have started to 
become specialised in coding the synthesis of these proteins, and gradually lose their 
ribozyme functions. Following such specialisation, the precursor of the modern 
genetic code would have started to emerge in an RNA form, which was replaced by 
the much more stable DNAs in the subsequent stages of evolution. 
After the emergence of proteins, the pre-ribosome’s activities could have been 
further improved by recruiting proteinaceous elongation factors, like predecessors of 
the modern EF-Tu and EF-G, which provided more power for the pre-ribosome’s 
molecular ratchet movement via GTP hydrolysis (Spirin, 2002). The pre-ribosome was 
proposed to have been working as a helicase until the emergence of the 
proteinaceous helicases. After that, the ribosome finally became dedicated to the 
synthesis of proteins. However, as the modern ribosome small subunit still shows 
helicase-like to melt secondary structure of RNAs to some extent, the ancient RNA 
helicase could still have been conserved in some cores portion of the 16S rRNA. 
The RNA helicase hypothesis provides a step by step scenario of the evolution of 
the translation apparatus, with a series of small advantageous changes that could 
have possibly benefited the primordial RNA organisms, thus should have been 
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favoured by the Darwinian selection. The principal idea of this hypothesis is that, 
during the evolution from the primordial RNA helicase to the modern helicase, basic 
features of the modern translation gradually arose, which eventually led to the 
emergence of the translation at a much later stage of the evolution. The RNA 
helicase hypothesis is more convincing than the RNA replicase theory. However, this 
hypothesis still lacks experimental demonstrations. One reliable approach to test the 
feasibility of this hypothesis is to investigate the potential helicase activities of the 
core portion of the 16S rRNA, as the relic of the primordial RNA helicase, which could 
be discovered by the chronological studies of the ribosome. 
1.1.3.3 Chronological studies of the Ribosome 
As review in the previous sections, the ribosome is such a complex molecular 
apparatus, which should have co-evolved with the translation and genetic code in 
the RNA world. As proposed in the RNA helicase hypothesis, the initial pre-ribosome 
was a very simple chaperon-helicase ribozyme as a part of the primordial RNA 
replicase, which gradually got more complex during evolution, and became a real 
helicase as an independent ribozyme, followed by stepwise additions of structural 
protein components. Therefore, it would be reasonable to propose that components 
of the modern ribosome are not equally old. Chronologies of ribosomal proteins and 
RNAs could provide highly reliable clues of the evolution of the ribosome as well as 
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the evolution of the translation mechanism and the formation of the genetic code. 
As proposed in the aforementioned RNA helicase hypothesis, the first random 
short peptide chains were likely side products of the RNA helicase activities, probably 
harmful to the primordial RNA organism. Under the pressure of natural selection, the 
primordial RNA organism needed to diminish the randomness of these side products 
via the assignment of amino acids. The first useful proteins were proposed to be 
structural proteins of the pre-ribosome to increase its stability and helicase activity, 
thus benefiting the primordial RNA organism. The template RNAs of these first useful 
proteins would have gradually lost their original ribozyme functions and become 
dedicated to the coding of protein syntheses, followed by the formation of genetic 
code. Therefore, the ribosomal proteins could possibly be the most ancient proteins 
in modern cells, which co-evolved with the genetic code. And an evolutionary 
chronology of the stepwise emergence of ribosomal proteins could provide detailed 
information of the development and expansion of the genetic code at the early 
stages of its evolution. 
Different methods have been used in attempts to uncover the evolutionary 
chronology of ribosomal proteins. Some researchers propose that the trends of 
biased amino acids usage at fixed positions are in congruence and convergence with 
the evolution of ribosomal proteins across the assembly maps of large and small 
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subunits (Fournier & Gogarten, 2007). This kind of models suggested that the first 
protein component of the large subunit was older than that of the small subunit. 
Some other researchers proposed that the protein structure is hierarchical, 
embedding several levels of molecular organization that range from primary 
sequences to the formation of macromolecular complexes (Caetano-Anollés & Kim, 
2011). Protein folding is dictated by its primary sequences and is influenced by the 
formation of compact and stable structural units, called domains. Protein domains 
are highly conserved in proteomes, and are endowed with various molecular 
functions and interactions that are essential for cellular and organismal interactions. 
Caetano-Anollés and coworkers used the domain structures to study the evolution of 
molecular function in the protein world, by deriving timelines describing the age and 
function of protein domains at fold, fold superfamily, and fold family levels of 
structural similarity and complexity, based on a structural phylogenomic census from 
hundreds of fully sequenced genomes. This model suggested that ribosomal proteins 
located in the small subunit arose earlier than those in the large subunit, which is 
contradictory to the first kind of models about the chronological order of the 
emergence of the two subunits of ribosome. Moreover, both types of models have 
some major flaws and problems of their own. Therefore, a better model is needed, 
preferably associated with the evolution of ribosomal RNAs. 
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As introduced in the above sections, the functional components of the 
ribosome, the ribosomal RNAs should have co-evolved with the translation at all 
stages. An evolutionary chronology of ribosomal RNAs could provide more 
information about the emergence of the translation than that of ribosome proteins. 
Sequence analysis studies of organisms from all three domains have found highly 
conserved regions in the ribosomal RNAs, which could be the most ancient portion 
of the ribosome. As reviewed in the previous sections, several hypotheses have been 
proposed in attempts to build an approximate evolutionary chronology of the 
ribosome. However, these hypotheses are all theoretical, and even suggest 
conflicting conclusions. 
One of the most convincing models is the hierarchical model of Bokov and 
Steinberg for the evolution of E. coli 23S ribosomal RNA (Bokov & Steinberg, 2009). 
This model used the A-minor motifs as indicators of the relative age of its moieties. 
A-minor is a common RNA arrangement consisting of a stack of unpaired nucleotides, 
mainly adenosines, packing with a double helix. A-minor interactions, formed 
between the domain V of 23S rRNA and other domains, have their double helix 
almost exclusively belonging to domain V. Domain V contains the peptidyl transferase 
centre, which is expected to be among the most ancient elements of the ribosomal 
structures. Therefore, it is proposed that in the A-minor motif, the conformational 
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integrity of the adenosine stack depends on the presence of the double helix; hence 
A-minor motifs could reflect the order in which different parts of 23S rRNA were 
added, presuming that the integrity of the ribosomal structure has been maintained 
during the entire evolution. Based on this proposal, 59 rRNA elements, revealed by 
the structural topology of the 23S rRNA, were sequentially added to the PTC, 
according to the A-minor motifs’ directions, resulting in a 13-level hierarchical model. 
However, one major limit of this model is that a huge number of possible 
evolutionary chronologies can be obtained, because, as shown in Figure 1.9b, this 
model contains numerous 
pathways of the additions of rRNA 
elements. The transformation of 
the branching hierarchical model 
to a lineal evolutionary chronology 
is essential for understanding the 








Figure 1.9 Locations of the identified 59 
elements and PTC in the 23S rRNA 
secondary structure (a) and the 
hierarchical network between the 
elements (b) based on A-minor 
interactions with numerous possible 




A consistent chronology of the ribosome 
Inspired by the hierarchical model of Bokov & Steinberg, my co-worker in my 
PI’s computer lab, Dr. Zhang Bo, used an engineering analysis tool, the Design 
Structure Matrix (DSM), to construct a plausible and detailed evolutionary 
chronology of the E. coli ribosome. The DSM, first published by Don Steward in 1981, 
is a basic square matrix used to represent and analyse the relationships between 
modules/elements of complex systems. The approach used by Bokov and Steinberg 
to decompose the 23S rRNA into rRNA elements was also applied to the small 
subunit 16S rRNA. Moreover, A-minor interactions and rRNA-protein interactions 
were mapped for both subunits, and a protein-protein interaction map was also 
created for the small subunit, which has more protein-protein interactions than the 
large subunit does. With these additional interaction modules, the results of Zhang’s 
work demonstrated the most complete chronology of the ribosome so far available. 
The evolutionary chronology of the 23S rRNA and the 16S rRNA, in the context 
of secondary structures, are shown in Figure 1.10, with gradient colours from red to 
blue, dark to light corresponding with early to later stages along the evolutionary 
timeline. In the 23S rRNA, the PTC is clearly the core and most ancient domain, which 












However, for the 16S rRNA, the first rRNA element is unclear. As shown in Figure 
1.10b, two modules, r23 and r29, are found at the 1st band of the DSM, and both are 
likely the first core elements of the 16S rRNA. Between these two modules, r29 is the 
one containing the highly flexible 3’ end of the 16S rRNA, as shown in Figure 1.11a, 
which is also called the anti-Shine-Dalgarno sequence. As reviewed in previous 
sections, base-pairing between the 3’ end of the 16S rRNA and the Shine-Dalgarno 
sequence on the mRNA upstream of the start codon is essential for the formation of 
the initiation complex in the translation procedure. Besides, r29 also contains part of 
the head of the 16S rRNA. The cleft between the head and the body of the 16S rRNA 
is the mRNA binding site, where the interactions between codons on mRNA and 
anticodons of aminoacyl-tRNA are mediated by the small subunit. Moreover, the r29 
module also comprises most of the highly conserved sequences, even when the 
decomposing of 16S rRNA into elements was solely based on the 3D structure. 
Meanwhile, the r23 module represents no function in initiation or decoding at all. 
Instead, r23 is located in the 5’ body domain, forming the shoulder that, in the later 
stage, supports the long helix H44 of the r14 module, where most of the 
inter-subunit interactions are harboured. Therefore, it is reasonable to propose that 
r29 is the functional core of the small subunit, and the remnant of the ancient RNA 
helicase, as proposed in the RNA helicase hypothesis. Investigating its potential 





Figure 1.11 The r29 module (a) and r21+r22+r17 module (b), cut out from the secondary 
sturcture of the E. coli 16S rRNA with all helices numbered as in (Brimacombe, 1995). 
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This proposal is supported by two independent studies. The first study is about 
the mitochondrial (mt) genome of Mnemiopsis leidyi (Pett, et al., 2011).Being only 
over 10 kb, the mt-genome of M. leidyi is the smallest animal mt-DNA ever reported 
and is also among the most derived. It has lost more than 25 genes, including all 
tRNA genes. This study also showed that M. leidyi has an extremely reduced 
mt-ribosome, as shown in Figure 1.12. Two regions within the small subunit 
ribosomal RNA genes, the so-called 530 loop (helix 18) and helices 28-30 and 43-45, 
are partially conserved in sequences and structures (Figure 1.12a). Moreover, a small 
segment at the 3’ end of the large subunit ribosomal RNA genes shows highly 
conserved sequence and structure with the PTC (Figure 1.12b). 
 
Figure 1.12 Predicted secondary structures of M. leidyi mt-rRNAs in small (A) and large (B) 




Compared with our r29 module (Figure 1.11a), this minimal rRNA of the small 
subunit (Figure 1.12a) consists of almost all the helices in the r29, i.e. h28, h29, h30, 
h43, h44, and h45, with an exception of h42. But it also contains an additional helix 
h18, which is in the r17 module, and a long 5’ end, which is in the r21 module (Figure 
1.11b). Inspired by this minimal rRNA, a longer version of the r29 is designed with 
insertions of the r22, r17 and r21 modules to the r29 module, to serve as a control to 
the original r29, together with two more controls of the r29 with helix 42 removed 
and the longer r29 with helix 42 removed (details presented in Chapter 2, Table 2.1 
Sequences of DNA templates.), as suggested by the minimal rRNA. However, this 
design is only one of the possible evolutionary paths of the small subunit rRNA, there 
could be many other possibilities. 
The other one is the detailed comparative analysis study revealing the repeated 
parallel evolution of minimal rRNAs (Klimov & Knowles, 2011). By thoroughly 
comparing the structures of highly reduced rRNAs found in more than 40 taxa of 
acariform mites and some other species, this study demonstrated that these short 
rRNAs share certain structural modifications with the minimal mitochondrial rRNAs 
found in nematodes and trypanosomes: helices of the GTPase region are significantly 
shortened; the highly conserved connecting loop between helix H1648 and H1764 in 
the large subunit diverges. Such highly concerted modifications, which occurred 
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independently and repeatedly in different species, suggest that the dramatic 
evolutionary changes of minimal RNAs happened under the strong natural selections 
that favoured and/or tolerated reductions of particular helices, while maintaining the 
overall functionality of the ribosome. This study further supported that the r29 
module, generated by removing modules in a reverse evolution sense, represents the 
ancient functional core of the small subunit rRNA, just like its counterpart, the PTC 
representing the ancient functional core of the large subunit rRNA. 
Being the functional cores of their respective subunit, the r29 and the PTC are 
proposed to be the only modules that the simplest proto-ribosome consists of. The 
predicted 3D structures of the r29 and the PTC are shown in Figure 1.13a and b. 
Their possible interactions were determined using RNAup, an interaction prediction 
software for the RNA-RNA binding (http://www.tbi.univie.ac.at/~ulim/RNAup/), 
which provided several possible conformations of the r29 and PTC interaction. In 
some possible conformation, the r29 and the PTC fit together surprisingly well in 
close proximity with spacing for the accommodation of proto-tRNAs and mRNA 
molecules (Figure 1.13c). Therefore it would be necessary to include the PTC as a 
control in the experiments of r29 helicase activities investigation, especially to test 
how the PTC and the r29 would react together to determine whether these subunits 





Figure 1.13 Predicted 3D structure of the r29 (a) and the PTC (b), and the model of the 




One more control to be included in the experiments is the 5S rRNA, which is 
another nucleic acids component in the large subunit of both prokaryotic and 
eukaryotic ribosomes, and is also the smallest one among all ribosomal RNAs. The 
sequences and structures of the 5S rRNA are universally conserved among organisms 
of all three domains. 5S rRNA interacts with various translational protein factors and 
the 23S (28S) rRNA, and its main function is commonly believed but not yet 
confirmed to be regulating and coordinating interactions and interdependences 
between functional sites of the ribosomal subunits (Smirnov, Entelis, Krasheninnikov, 
Martin, & Tarassov, 2008). It was proposed by some molecular evolution study that 
5S rRNA originated after the emergence of the translation machinery but before the 
appearance of the last universal common ancestor (Sun & Caetano-Anollés, 2009). 
Therefore, it would be interesting to investigate whether 5S has similar functions 
with the subunits, the r29 and the PTC, of the proposed proto-ribosome. 
 1.1.4 Molecular Beacons 
In this thesis, the experimental investigations of the potential helicase activities 
of r29 and other related ribosomal rRNAs are performed with molecular beacons, 
which are simple but very useful fluorescent DNA/RNA tools. A typical molecular 
beacon is a hairpin shaped single-stranded DNA molecule with an internally 
quenched fluorophore, as shown in Figure 1.14. 
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Molecular beacons are usually used to report the existence of target nucleic 
acids with a specific sequence in homogenous solutions. The loop sequence of a 
molecular beacon, also called probe sequence, is complementary to its target DNA or 
RNA. Upon binding with its target, the hairpin will be unwound, thus separating the 
quencher and the fluorophore, whose fluorescence will then be restored, just like a 
beacon in the dark, reporting the presence of the target sequence, hence the name 
(big black arrow in Figure 1.14). 
 
Figure 1.14 A molecular beacon used for detecting target sequences (big black arrow) or as 
a helicase assay (small blue arrow) 
Molecular beacons can also be used as helicase assays to monitor the activities 
of helicases. The helicase assays work in the exactly reversed direction of typical 
molecular beacons (small blue arrow in Figure 1.14). An equal amount of 
complementary sequences, which are no longer the ‘target’ sequences, are supplied 
to the molecular beacons. After annealing, most molecular beacons are in the 
double-stranded form, and their fluorescence is very strong. When the 
double-helices are unwound by helicases, the single-stranded molecular beacons will 
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spontaneously change back to hairpin forms, resulting in significant decreasing of the 
fluorescence intensity, like the light of the beacon being turned off. 
In 2008, a high-throughput fluorescence-based helicase assay was designed 
based on molecular beacons (Belon & Frick, 2008). The DNA and RNA substrates 
designed for this assay are shown in Figure 1.15. The top strand has a quencher, IBRQ, 
on the 5’ end and a fluorophore, Cy3 dye, on the 3’ end. The sequence following the 
quencher, AGTGC, is able to form a hairpin with the sequence before Cy3, GCACT, 
and it also presents a forked status with the multi-T or multi–U of the bottom strand, 
which could promote the initial binding of helicases to the substrates. Before the 
addition of helicase and ATP, these substrates showed high fluorescence intensity. 
When these substrates were unwound by helicases, and separated into single strands, 
the top strand would wind itself into a hairpin, resulting in the significant decreases 
of the fluorescence intensity. 
 
Figure 1.15 Molecular-beacon-based DNA/RNA substrates designed for a high-throughput 
fluorescent helicase assay. (Permission: provided by the National Library of Medicine) 
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In this thesis, three different kinds of molecular-beacon-based DNA substrates 
are designed with the information of Belon and Frick’s study mentioned above, 
among which type II beacons do not even require the formation of hairpins, but 
actually showed even better results. The details are presented in the following 
chapter. 
1.2 Objectives 
AS reviewed in the above sections, most studies of the origin and evolution of 
life still remain theoretical, even after centuries of researches. Some of them have 
been experimentally demonstrated to some extent, like the RNA world theory and 
the hydrothermal vent theory, thus are more convincing than others. As suggested by 
the RNA world theory and the hydrothermal vent theory, a primordial RNA world 
arose inside some sub-marine hydrothermal vent, and evolved into an RNA-protein 
world with the emergence of ribosome. The emergence of ribosome is such an 
important milestone for the transition from the RNA world to the RNA-protein world, 
hence attracts attentions from a great number of researchers. However, even the 
most convincing RNA helicase hypothesis still remains totally theoretical. 
Experimental demonstrations are seriously needed for supporting this theory. And 
our group’s computational chronological study of the ribosome provided a wonderful 
starting point for the investigation of the potential helicase activities of the r29, the 
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possible remnant of the ancient RNA helicase. 
1.2.1 Research Scope 
This thesis is mainly based on the RNA world theory, the hydrothermal vent 
theory and the RNA helicase hypothesis, suggesting that in some submarine 
hydrothermal vent on the primitive Earth, spontaneously synthesized small organic 
molecules, especially the nucleotides, were accumulated by the thermocycling pore 
system around the hydrothermal vent; extremely high concentrations of nucleotides 
resulted in the spontaneous formation of nucleic acids, which gradually got more 
complex and eventually led to the appearance of self-replicating RNA organisms in 
the thermocycling systems; a chaperon-like helicase, which initially was a part of the 
RNA replicase, evolved into an independent/real helicase and produced peptide 
chains as side products; when proteins, the side products of the RNA helicase 
activities, became useful to the RNA organisms, some ribozymes gradually lost their 
catalytic functions and became templates for protein synthesis; when the RNA 
helicase was eventually replaced by a proteinaceous helicase, it became dedicated in 
synthesising proteins and became the modern ribosome. And our group’s 
computational chronological study of the ribosome suggested a possible remnant of 
the ancient RNA helicase, i.e. the r29 module, thus providing a promising starting 
point for the experimental demonstration of the possibilities of the RNA helicase 
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hypothesis, by investigating the potential helicase activities of r29 and other related 
ribosomal RNA molecules. Other theories and studies reviewed in the previous 
sections are beyond the scope of this thesis. 
1.2.2 Aims 
This thesis mainly aims to experimentally demonstrate the RNA helicase 
hypothesis by: 
1. Constructing DNA templates of the rRNA modules with information 
provided by the chronological study of the ribosome; 
2. Synthesizing RNA molecules with in vitro transcription kit, followed by 
purification and verification; 
3. Testing the melting curve of the rRNA molecules to determine their melting 
temperature and whether these molecules have stable secondary 
structures or not; 
4. Designing molecular beacons to serve as simple but high-throughput 
helicase assays that could work in thermocycling systems; 
5. Using these helicase assays to test the potential helicase activities of the 




Chapter 2. Methods and Materials 
2.1 DNA Templates Construction and Amplification 
The DNA templates for in vitro transcription of all the ribosomal RNA molecules 
are listed in the following Table 2.1 with the minimal T7 promoter sequence, 
TAATACGACTCACTATAGG added, which is required for the RNA in vitro transcription 
kit. These templates were designed based on the sequences of E. coli 16S rRNA, 23S 
rRNA and 5S rRNA, and locations of the fragments of these modules in their 
respective rRNAs, (see Appendices for details). 














































In Table 2.1, R29SD stands for the r29 module with the 3’ end 
anti-Shine-Dalgarno sequence added; R29noSD is the r29 module with the 
anti-Shine-Dalgarno sequence removed; R29C stands for the reverse and 
complimentary sequence of R29SD, therefore should have a Shine-Dalgarno 
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sequence at its 5’ end; R29-h is the r29 module with the h42 helix removed; R29L 
stands for the longer version of the r29 with the anti-Shine-Dalgarno sequence, by 
adding the r22, r17, and r21 modules to the original r29 module; R29L-h is R29L with 
the h42 helix removed. These abbreviations are used throughout the results and 
discussion sections. 
These templates are ordered with BamHI and HindIII restriction cutting sites on 
5’ and 3’ terminus respectively. The gene syntheses service was provided by 
GeneArt®. 5 μg of each template was shipped within pMA vectors in purified form as 
lyophilized solids, which was then dissolved in 100 μl DNase/RNase free water upon 
delivery, to a final concentration of 50 ng/μl. The DNase/RNase free water was 
produced with the Milli-Q® Advantage A10 Ultrapure Water Purification System from 
Millipore® with an additional accessory, the disposable BioPak® Ultrafiltration 
Cartridge, which can produce type I (RNase/DNase/bacteria/pyrogen-free) ultrapure 
water for up to 4 months of usage. 
All plasmids were first transformed into the Stellar™ competent cells, bought 
from Clontech® (Cat. # 636766), using the following protocol: 
1. Take necessary numbers of tubes of the Stellar™ competent cells from the 
-80 freezer and thaw in an ice bath just before use. 
2. After thawing, mix gently with pipette to ensure even distribution, and then 
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move 100 μl of competent cells into 1.7 ml Eppendorf tubes. Do not vortex. 
3. Add 0.2 μl (10 ng) of plasmids to the competent cells. 
4. Place tubes on ice for 20 min. 
5. Heat shock the cells in a water bath for exactly 45 sec at 42°C. 
6. Place tubes on ice again for 2 min. 
7. Add SOC medium (provided together with the Stellar™ competent cells) to 
bring the final volume to 1 ml. SOC medium should be warmed to 37°C 
before using. 
8. Incubate by shaking at 250 rpm for 1 hr at 37 °C. 
9. Centrifuge the tubes at 6000 rpm for 1 min, and discard most of the 
supernatant with about 100 μl left in the tube. 
10. Resuspend the cells with the left-over supernatant, and spread the 
suspension on LB agar plates with 100 µg/ml of ampicillin, using an 
L-shaped spreader. 
11. Culture the plates at 37 °C overnight (maximum 16 hours) 
After overnight culturing, the plates can be stored at 4 °C for up to one month. 
And single colonies were picked from all plates, and cultured in 3 ml LB broth with 
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100 µg/ml of ampicillin at 37 °C overnight (maximum 16 hours). After overnight 
culturing, 500 μl of each cell culture can be mixed with 500 μl of 50% (w/v) glycerol 
in a 2 ml Eppendorf tube for long-term storage at -80 °C. The rest of the cell cultures 
can then be used for plasmid extraction, using the QIAprep Spin Miniprep Kit from 
Qiagen® (27107), following the protocol below at room temperature: 
1. Spin the cell cultures at 13,000 rpm for 1 min. 
2. Resuspend pelleted cells in 250 μl Buffer P1 (with RNase A and LyseBlue 
reagent added) and transfer to a 1.5 ml microcentrifuge tube. 
3. Add 250 μl Buffer P2 and mix thoroughly by inverting the tubes for 4–6 
times. The suspension will turn blue. Do not vortex. Incubate the mixtures 
at room temperature for up to 5 mins 
4. Add 350 μl Buffer N3 and mix immediately and thoroughly by inverting the 
tubes for 4–6 times, until all trace of blue has gone and the suspension is 
colorless. The solution should become cloudy too. 
5. Centrifuge for 20 min at 15,000 rpm in a bench-top microcentrifuge. 
6. Apply the supernatants from step 5 to the QIAprep spin column by 
pipetting. 
7. Centrifuge for 1 min. Discard the flow-through. 
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8. Wash the QIAprep spin column by adding 0.75 ml wash Buffer PE (with 
ethanol added) and centrifuging for 1 min at 15,000 rpm. Discard the 
flow-through. 
9. Centrifuge again at 15,000 rpm for an additional 1 min to remove residual 
wash buffer. 
10. Place the QIAprep column in a clean 1.5 ml microcentrifuge tube; add 50 μl 
DNase/RNase-free water to the center of each QIAprep spin column; let 
stand for 1 min; centrifuge at 15,000 rpm for 1 min, to elute plasmids. 
Using the QIAprep Spin Miniprep Kit, 50 μl of each plasmid with concentrations 
of 250-350 ng/μl can be obtained in DNase/RNase-free water, ready for the following 
RNA in vitro transcription. 
2.2 RNA In Vitro Transcription 
All RNA-related experiments were performed inside a biosafety cabinet. 
Pre-packed RNase-free 0.5-10 µl and 1-200 µl tips were ordered from Axygen® 
(T-400-R and TR-222-Y-R). Buffers were prepared with RNase-free water and the 
bottles were also washed thoroughly with RNase-free water. Before each use, 
equipment and buffers were decontaminated with 30 min of UV irradiation inside 
the biosafety cabinet, followed by spraying of RNase-Exitus Plus™ RNase 
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decontamination solution from Bio-Industries® (01-897-1L). Enzymes and DNA 
templates that could not stand UV irradiation were also sprayed with RNase 
decontamination solution before moving into the biosafety cabinet. Fresh gloves 
were always used and sprayed with RNase decontamination solution too.  
RNA in vitro transcriptions were performed with T7 RiboMax™ Express Large 
Scale RNA Production System from Promega® (P1320). DNA templates were first 
linearized by double restriction enzymes digesting; around 4 μg of plasmids with 1 μl 
of FastDigest® BamHI, 1 μl of FastDigest® HindIII and 2 μl of 10X FastDigest® buffer 
(all from Thermo Scientific®, FD0054 and FD0504) were incubated at 37 °C for 20 
minutes. After double digestion, the samples were verified and purified, by first 
running on a DNA agarose gel, followed by cutting the bands with the correct length 
from the gel for extraction and purification with QIAquick® Gel Extraction Kit from 
Qiagen® (28706). The linearized templates were eluted with DNase/RNase-free water, 
and measured by the NanoDrop® 1000 from Thermo Scientific® for their 
concentrations. 
The concentrations of linearized templates varied from 15 to 75 ng/μl, which 
were much lower than the recommendation of the T7 Ribomax™ Express kit. But the 
amounts of the in vitro transcriptions were still adequate. Maximum amount, 8 μl, of 
templates were added with 10 μl RiboMAX™ Express T7 2X Buffer and 2 μl T7 Express 
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Enzyme Mix. The 20 μl reaction mixtures were incubated at 37 °C for 30 minutes. 
After the transcription reactions were completed, 1 μl of RNase-free DNase were 
added into the mixtures, which were then incubated for another 15 minutes at 37 °C 
to digest the DNA templates. 
2.3 RNA Purification and Verification 
The synthesized RNA molecules were then purified from the digested DNA 
templates, enzymes and unincorporated rNTPs using the RNeasy® Mini Kit from 
Qiagen® (74104), following the protocol below: 
1. Top up the 21 μl samples after DNase digestion to 100 μl with 79 μl 
RNase-free water. Add 350 μl RLT buffer, and mix well. 
2. Add 250 μl 100% ethanol to each sample and mix well by pipetting.  
3. Immediately transfer samples (700 μl) into RNeasy Mini spin columns with 2 
ml collection tubes. Centrifuge for 15 s at 10k rpm. Discard the 
flow-through. 
4. Add 500 μl Buffer RPE (with 44 ml 100% ethanol added) into the RNeasy 
Mini spin columns. Centrifuge for 15 s at 10k rpm. Discard the flow-through. 
5. Add 500 μl Buffer RPE into the RNeasy Mini spin columns. Centrifuge for 2 
min at 10k rpm. Discard the flow-through. 
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6. Place the RNeasy Mini spin columns into new 2 ml collection tubes. 
Centrifuge for 1 min at 10k rpm. 
7. Place the RNeasy Mini spin columns into new 1.5 ml collection tubes. Add 
30 μl RNase-free 10 mM Tris buffer directly to the spin columns membranes. 
Centrifuge for 1 min at 10k rpm to elute the RNAs. 
8. Add the eluates from step 7 directly to the membranes. Centrifuge for 1 
min at 10k rpm to get higher concentrations of RNAs. 
1.5 μl of purified RNA molecules were taken and topped up with 
DNase/RNase-free water to 15 μl. 1.5 μl of the dilutions were used for measuring 
concentrations with NanoDrop® 1000 system, showing that the synthesized RNA 
molecules had varying relatively high concentrations of 1100 to 3600 ng/μl. And the 
undiluted RNAs were stored at -20 °C. 
The rest of the 13.5 μl dilutions were then mixed with an equal volume of 2X 
RNA Loading Dye from Thermo Scientific (R0641). These mixtures, together with 5 μl 
of the RiboRuler Low Range RNA Ladder (ready-to-use, 100-1000 bp) from Thermo 
Scientific (SM1833), were then heated at 70 °C for 10 min, followed by chilling on ice 
and spinning down before loading on formaldehyde agarose (FA) gels. 
A 1.2% FA gel was prepared with 1.2 g of agarose powder, 10 ml 10x FA gel 
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buffer (see composition below) and topped up to 100 ml with RNase-free water. The 
mixture was then heated to 100 °C to melt agarose, followed by cooling in a 65 °C 
water bath. Then 1.8 ml of 37% (12.3 M) formaldehyde and 5 ul of SYBR® Safer DNA 
Gel Stain form Invitrogen® (S33102) were added and mixed thoroughly. The mixture 
was then poured onto gel casting tray. The solidified gel was equilibrated in 1X FA gel 
running buffer for 30 min, before running. After equilibration, samples were loaded 
onto the FA gel and ran at 100 V for 30 min. 
Composition of FA gel buffers 
10X FA gel buffer:  
200 mM MOPS 
50 mM sodium acetate 
10 mM EDTA 
pH adjusted to 7.0 with NaOH 
1X FA gel running buffer:  
100 ml 10X FA gel buffer 
20 ml 37% (12.3 M) formaldehyde 
880 ml RNase-free water 
After running, the gel photos were taken with the Molecular Imager® Gel Doc™ 
XR+ Sytstem with Image Lab™ Software from Bio-Rad® (170-8195). The inverted 
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pictures of the formaldehyde RNA agarose gels are shown in Figure 2.1. The four 
lanes in Figure 2.1a are RNA ladder, R29noSD (204 bp), R29SD (211 bp) and R29C 
(211 bp) respectively. The six lanes in Figure 2.1b are RiboRuler™ RNA ruler 
(100-1000 bp), 5S (120 bp), PTC(245 bp), R29-h (181 bp), R29L (305 bp) and R29L-h 
(275 bp) respectively. In the original gel photo, as shown in Supplementary Figure 1, 
the band of the 5S was very weak compared with other bands, therefore the contrast 
ratio of the bottom half of Figure 2.1b is further increased to visualize the band of 5S. 
As shown in Figure 2.1, these in vitro transcribed RNAs were of high purity. 
a b  




2.4 Other Control Groups 
The other control groups include the positive control of purified E. coli RecQ 
DNA Helicase Protein (Active) from Abcam® (ab63813), ribonucleotide triphosphate 
(rNTP) mixture from the RiboMax™ Large Scale RNA production System-T7 of 
Promega® (P1300), type XXI random tRNA mixture from E. coli strain W from 
Sigma-Aldrich® (R4251) and separated A/U/C/G-triphosphate sodium salt from 
Sigma-Aldrich® (A2754, U6625, C1506, G8877). A/U/C/G-TP was dissolved in 10 mM 
Tris buffer (pH 8.5) made with DNase/RNase-free water to a final concentration of 
100 mM. The random tRNA mixture contains foreign substrates like DNAs and 
proteins, so it also needed to be purified using the RNeasy® Mini Kit as described in 
section 2.3. 
2.5 Molecular Beacons Designing 
Oligos synthesis and modification service were provided by Integrated DNA 
Technologies® (IDT®), and were shipped as purified lyophilized solids, which were 
then dissolved in 10 mM Tris buffer (pH 8.5) prepared with DNase/RNase free water. 
Molecular beacons were prepared by combing respective oligos at a 1:1 moral ratio 
to a final concentration of 20 μM, heating to 95 °C, and cooling to room temperature 
(21 °C) gradually for annealing.  
The fluorophore used is the 3’ Cyanine 3® dye (Modification Code: 3Cy3Sp), 
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with excitation and emission wavelength at 552 and 570 nm respectively. The 
quencher used is the 5’ Iowa Black® RQ quencher (Modification Code: 5IAbRQ), 
which has a broad absorbance spectra ranging from 500 to 700 nm. 
Table 2.2 Sequences of oligos desigened for molecular beacons 
Oligo Sequence 
Oligo 1 5' /5IAbRQ/AAGGAGGT GCTGTATCGTCAAGTCCTT/3Cy3Sp/ 
Oligo 2 5' AAAGACTTGACGATACAGC TTTTT 
Oligo 3 5' AAAGACTTGACGATACAGC TTTTTTTT 
Oligo 4 5' AAGGAGGT GCTGTATCGTCAAGTCCTT/3Cy3Sp/ 
Oligo 5 5' /5IAbRQ/AAAGACTTGACGATACAGC GGGGG 
Oligo 6 5' /5IAbRQ/AAAGACTTGACGATACAGCGGGGGGGG 
Oligo 7 5' AAGGAGGT GCTGTATCGTCAAGTCCTT CCCC 
Oligo 8 5'/5IAbRQ/CCCCAAAGACTTGACGATACAGC GGGGG/3Cy3Sp/ 
Oligo 9 5'/5IAbRQ/CCCCAAAGACTTGACGATACAGCGGGGGGGG/3Cy3Sp/ 
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A total number of six molecular beacons of three different types are designed 
with nine oligos. The sequences of the nine oligos are as shown in table 2.2. 
The beacons are named with combining the names of its two component oligos. 
Type I beacons, beacon 1+2 and 1+3, designing were based on Belon and Frick’s 
designing of their DNA and RNA substrates, as introduced in Chapter 1. Oligo 1 has 
quencher and an SD sequence with an additional A, AAGGAGGT-, on the 5’ end, 
meanwhile has fluorophore and part of an anti-SD sequence, -TCCTT, on the 3’ end. 
Oligo 2 has the complimentary sequence to that of oligo 1 except the SD sequence, 
and a 5-base multi-T tail on the 3’ end with no modification. Oligo 3 is almost 
identical to oligo 2, but with a longer 8-base multi-T tail. When in single-stranded 
form, as shown in Figure 2.2c, oligo 1 would spontaneously form a hairpin with its 5’ 
end SD sequence and 3’ end partial anti-SD sequence, which draws the quencher and 
the fluorophore in close proximity; hence Cy3’s fluorescence would be suppressed. 
When oligo 1 binds with either oligo 2 or 3 to form a double-stranded DNA, beacon 
1+2 or beacon 1+3 (Figure 2.2a and b), the quencher and the fluorophore would be 
separated from each other. So the emission intensity of type I beacons would drop 
significantly when they are unwound by helicases (Figure 2.2d). Moreover, the SD 
sequence on the 5’ end of oligo 1 and the multi-T sequences on the 3’ end of oligo 2 
and 3 would form a fork which could serve as the initial binding site for helicases or 
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Figure 2.2 Beacon 1+2 (a) and 1+3 (b) in double-stranded form, the hairpin formed by 
single-stranded oligo 1 (c), predicted by the online tool, Oligo Analyzer of IDT® 
(http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/default.aspx), and how 
type I beacons work (d). 
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 The different lengths of the multi-T tail were designed based on the proposal 
that some helices of the r29 module, e.g. h44 and h30, involved in the formation of 
the cleft in the small subunit where the mRNA binds; when the r29 serves as a 
helicase and binds to the strain with the Shine-Dalgarno sequence, these helices may 
also form a channel for the binding of the complementary strain. The stability of such 
binding might be associated with the length of the multi-T tail, therefore different 
levels of helicase activities would be expected to be shown with different beacons. 
However, as presented in Chapter 3, such phenomenon was not observed. These 
results were not available yet when designing type II and III beacons, which therefore 
were also designed with tails of different lengths. 
However, the experimental results with type I beacons were not satisfying, as 
there were no changes at all. A few disadvantages about this kind of beacons were 
identified, attempting to improve the designing. First of all, the Cy3 dye is attached 
directly to the SD sequence, which might interrupt the binding of molecular beacons 
to the r29 module. Besides, oligo 1 needs both the SD and anti-SD sequences to form 
a hairpin, which means if the double-stranded beacons are not fully unwound or if 
oligo 1 is still bound to r29 after unwinding, no changes in the emission intensity 
could be observed. Moreover, the Shine-Dalgarno sequence is rich in A and G, its 
base pairing with the multi-T tail (Figure 2.2a and b) might be weak but might still be 
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able to influence the stability of the fork designed for the initial binding of helicases. 
To overcome these disadvantages, the 5’ end quencher was removed from oligo 
1, resulting in a new oligo 4, and added to the 5’ end of oligo 2 and 3, resulting in 
new oligos 5 and 6. Furthermore, the multi-T tails of oligo 5 and 6 are changed to 
multi-G. Now the type II beacons, beacon 4+5 and 4+6 would have the quencher and 
the dye drawn together, when they are in the double-stranded form (Figure 2.3a and 
b). And when the double-helices are fully unwound by helicase or rRNA modules, 
thus separating the quencher and the dye, the emission intensity of Cy3 would 
increase greatly (Figure 2.3c). However, if the double strands are only partially 




Figure 2.3 Beacon 4+5 (a) and 4+6 (b) in double-stranded form, predicted by the Oligo 
Analyzer of IDT®, and and how type II beacons work (c). 
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Another design is to remove both the 5’ end quencher and the 3’ end dye from 
oligo 1 (now called oligo 7) and add them to the respective ends of oligo 2 and 3 
(now called oligo 8 and 9). More over a 4 site multi-C tail was added to the 3’ end of 
oligo 7 and the 5’ end of oligo 8 and 9. Now the type III beacons, beacon 7+8 and 7+9, 
would have forks on both ends (Figure 2.4a and b). And oligo 8 and 9 have the ability 
to form hairpins and draw the quencher and the dye in close proximity (Figure 2.4c 
and d). Moreover, as the sequences responsible for the hairpin formation of oligo 8 
and 9 are both in the forked tails, even if the double strands are only partially 
unwound, oligo 8 and 9 would still be able to form hairpins and decrease the 
emission intensity of Cy3 (Figure 2.4e). 
During the designing of type II and III beacons, the possible formation of the 
guanine tetraplexes was overlooked. Nucleic acid sequences with four or more 
guanines are capable of forming a four-stranded structure, called guanine tetraplex 
(or G-tetraplex). These G-tetraplexes would possibly interrupt the formation of 
hairpins for oligo 8 and 9. Actually, as presented in Chapter 3, the changes of the 
emission intensities of beacon 7+8 and 7+9 were indeed not as obvious as those of 
beacon 4+5 and 4+6. However, these results with type III beacons were still good 
enough for the helicase activities investigation, so further modification of type III 
beacons were not performed. Besides, the totally unsatisfying results with type I 
 85 
 




Figure 2.4 Beacon 7+8 (a) and 7+9 (b) in double-stranded form, and the haipins form 
by single-stranded oligo 8 (c) and 9 (d), predicted by the Oligo Analyzer of IDT®, and how 
type III beacons work (e). 
2.6 The Thermocycling System 
The thermocycling system used in this thesis was just simply a PCR machine. The 
total amount of each reaction mixture was 5µl with 2.5 µl of 20µM beacons added. 
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As explained in Chapter 1, the RNA-catalyzed reactions in the RNA world usually 
required high concentration of substrates. Therefore, a complete hydrothermal 
cycling apparatus with water flow was not used, which would need either a much 
larger amount of substrates or the problematic concentrations of these substrates 
after each reaction, which would also be likely to influence the stabilities of the 
beacons. The PCR program was set to mimic the temperature cycles, as shown in the 
following Table 2.3: 
Table 2.3 PCR program for simulating the thermocycling systems 
Step Step detail 
1 21 °C for 1 min 
2 Repeat step 1 for 28 times with 1 °C increase in temperature 
3 50 °C for 1 min 
4 Repeat step 3 for 19 times with 1 °C decrease in temperature 
5 30 °C for 1 min 
6 Repeat step 5 for 19 times with 1 °C increase in temperature 
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7 50 °C for 1 min 
8 Repeat step 7 for 19 times with 1 °C decrease in temperature 
9 30 °C for 1 min 
10 Repeat step 9 for 19 times with 1 °C increase in temperature 
11 50 °C for 1 min 
12 Repeat step 11 for 29 times with 1 °C decrease in temperature 
13 21 °C forever 
This program starts from room temperature (21 °C), changes the temperature 
smoothly (1 degree/minute), repeats the 30-50-30 temperature cycles for 3 times, 
and stores the reaction mixtures at 21 °C for the in time fluorescence intensity 
reading at room temperature, to avoid any possible influence to the molecular 
beacons by temperature shock. The cycle temperature was determined by the 
calculated theoretical melting temperatures of the beacons and the melting curves 
of the ribosomal RNAs, as shown in Chapter 3. 
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2.7 Spectrophotometers Reading 
The absorbance reading and the fluorescence reading were performed with 
Cary® 50 UV-Vis and Cary® Eclipse spectrophotometers from Agilent Technologies® 
(formerly Varian®) respectively. The cuvette holder of Cary® 50 UV-Vis is connected 
to a temperature controller, which can theoretically change the temperatures of the 
cuvette holder from -1 °C to 101 °C, for measuring the melting curves of the 
ribosomal RNAs. However, for temperatures below 10 °C or above 95 °C, the 
temperature controller needs more than 10 min to change the temperature. Besides, 
when the temperatures are set to below room temperature, the fogging on the 
cuvette is serious, resulting in much higher absorbance. And when the temperatures 
are set to above 95 °C, the high pressure of the vapor would push to loss the rubber 
seal of the cuvette. Therefore, the melting curves were only able to be measured 
from 21 °C to 95 °C .The emission fluorescence intensity of the fluorophore, Cy3, was 
scanned from 560 nm to 580 nm with 5 nm slit, at excitation of 552 nm with 2.5 nm 
slit. And the peaks were actually found near 565 nm instead of the theoretical 570 
nm, as shown in Figure 2.5. For clearer and easier comparisons of the results, only 
the emission intensity readings at the peaks, i.e. 565 nm, are collected and plotted 




Figure 2.5 A sample emission scan curve of the molecular beacons, with the peak found at 
565 nm instead of 570 nm 
The volume of the minimal cuvette is 500 µl. But the reaction volume is only 5 
µl. To minimize the influence of temperature shock and buffer concentration shock. 
all reactions, including annealing and thermal cycling, finish at 21 °C, and the 
samples were diluted with the same buffer for annealing and thermal cycling, 10 mM 
Tris (pH 8.5), before the spectrophotometer reading. 
How the 5 µl reaction mixture was diluted by 495 µl of 10 mM Tris buffer has 
also showed significant influences to the reading results. If the 5 µl reaction mixture 
was directly added into 495 µl of 10 mM Tris buffer, the concentration of the beacons 
changed drastically. The concentration shock would randomly break some of the 
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double–helix beacons, resulting in inconsistent results, which initially even caused 
serious doubts about the r29 hypothesis. However, during one experiment, 5 µl of 
reaction mixtures were accidentally added into empty cuvettes, followed by adding 
495 µl of 10 mM Tris buffers. The results of this experiment were surprisingly 
satisfying. It is proposed that this kind of diluting method actually allows the reaction 
mixture to be gradually diluted, and the influence of the concentration shock is 
minimized, thus resulting in much more consistent readings. All the results presented 




Chapter 3. Results and discussion 
3.1 RNAs Melting Curves 
The bases of DNA and RNA absorb light in the 260 nm wavelength region. When 
DNA or RNA molecules are in their ordered native structures, the bases are paired 
and stacked. When the native structures are disrupted by heat or by increased pH 
level, the UV absorption will increase, because the base pairs are destroyed, and the 
free bases can absorb higher amount of light in the 260 nm wavelength region. 
 
Figure 3.1 A typical DNA/RNA melting curve for determination of the melting temperature. 
The profile of UV absorbance of DNA or RNA molecules at 260 nm versus the 
temperature is called a DNA or RNA melting curve, which can be used to determine 
the melting temperature of a certain DNA or RNA. A typical DNA/RNA melting curve 
is shown in Figure 3.1. The temperature at the midpoint of the melting process is 
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called the melting temperature of this DNA/RNA. 
Nowadays, melting temperatures of double-helix can be calculated using some 
online tools already, for example, the melting temperatures of the beacons are 
around 52 °C, calculated by the Oligo Analyzer of IDT®. However, these calculation 
tools are all for DNA double-helix. In this thesis, the melting temperatures of the 
single-stranded ribosomal RNA molecules are not calculable. In order to determine a 
proper temperature range for the thermocycling that allows the ribosomal RNA 
molecules and the beacons to function normally. Melting curves of these rRNAs need 
to be manually tested. Moreover, melting curves can also help to determine if the 
rRNA molecules have stable structures or not. Around 6 µg of ribosomal RNA 
molecules in 500 µl 10 mM Tris buffer were used for absorbance reading. The 
temperature, starting at 21°C, was manually increased by 2 °C after each reading and 
































































As shown in Figure 3.2, the melting temperatures of R29SD (a), R29noSD (b) and 
R29C (c) are around 63 °C; the melting temperatures of R29L (e) and R29L-h (f) are 
around 67 °C; the melting temperature of PTC (g) is around 75 °C; the melting 
temperatures of R29-h (g) and 5S (h) are hard to determine, as the absorbance 
increases gradually, which also suggests that R29-h and 5S may not have stable 
secondary structures as the others do. While the melting temperature of the 
beacons were calculated to be about 52 °C, the thermal cycle temperature range 
could be set to 30-50 °C for the thermocycling experiments. 
Surprisingly, unlike the theoretical DNA/RNA melting curve or the melting 
curves manually tested for all the other rRNA modules, the UV absorbance reading of 
R29SD didn’t stay high after it reached the peak reading at 75 °C, as shown in Figure 
3.2a. As temperature continues to increase, the UV absorbance actually started to 
drop, which possibly meant that R29SD could have another ordered structure at high 
temperatures. This result is really exciting, as it strongly supports the hypothesis that 
the ancestor of the modern ribosome arose in the RNA world inside a high 
temperature hydrothermal vent environment. To confirm this, another R29SD 
melting curve was tested with only 2 µg of R29SD molecules, as shown in Figure 3.3. 
This time, the temperature was manually increased by 1 °C after each reading, 
followed by decreasing at the same rate after reaching 95 °C. The curve is much 
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smoother, but the decreasing in absorbance after 75 °C is still obvious. The 
absorbance started to increase with the temperature decreasing after reaching 95 °C, 
until it reached 75 °C again. A few more repeated tests have been performed, all 
showing the similar results, which are not presented in this thesis. These results 
almost confirmed that R29SD, at least partially, conserved an ordered native 
structure of its ancestor, which should have been fully functional in a hydrothermal 
vent environment at extreme high temperatures. Unfortunately, the temperature 
controller of the Cary-50 UV-vis spectrophotometer could not reach temperatures 
higher than 95 °C, so the optimal high temperature for this special structure is still 
not available. Moreover, neither the molecular beacons nor any other helicase assays 
are able to work at such high temperatures. So far, it is still impossible to test the 
potential helicase activities of R29SD at extreme temperatures. 
 

































































3.2 Testing the Molecular Beacons with RecQ Helicase 
The four beacons, 4+5, 4+6, 7+8 and 7+9 were first tested with the positive 
control, the RecQ helicase. The reaction buffer for RecQ was prepared with 
RNase-free water with 25 mM MOPS and 2 mM MgCl2 at pH6.5. Each beacon had 
two groups with contents shown in Table 3.1. Blank control groups were all topped 
up to 5 μl with 10 mM Tris buffer. Groups were prepared according to Table 3.1, and 
were incubated at room temperature for 10 minutes. After incubation, the 5 μl 
samples were added into empty cuvettes and topped up to 500 μl with 10 mM Tris 
Buffer, followed by reading their emission intensity as introduced in section 2.7. 











Blank Control 2.5 μl 0 0 0 
RecQ 2.5 μl 1.6 μl 0.5 μl 0.4 μl 
The fluorescence readings at 565 nm are shown in Figure 3.4. As explained in 
section 2.4, the fluorescence intensities would increase upon unwinding for type II 
beacons, 4+5 and 4+6, meanwhile decrease for type III beacons, 7+8 and 7+9. There 
results suggest that all beacons were working just fine, but beacons 4+5 and 4+6 
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were better than 7+8 and 7+9. It is possibly because that beacons 7+8 and 7+9 had 
modification of quencher and fluorophore on their forked tails, which could interrupt 
the binding of RecQ helicase, or that the formation of G-tetraplexes could possibly 
interrupt the formation of hairpins of oligo 8 and 9. 
 
Figure 3.4 Em565 readings of the positive controls 
Because all the following reactions with RNA molecules went through 
temperature cycles, for better comparison, positive control groups were also tested 
with the same temperature cycles condition. This time, one more control group with 
only ATP was added. Because it was suspected that RecQ helicase might be 
denatured in the thermocycling condition and ATP might have some influence. The 
contents of each beacon’s three groups are presented in Table 3.2. Prepared sample 
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groups were then added to the PCR machine and ran the program as set in section 
2.6. When the PCR program was finished, the samples were spun down briefly with 
bench-top mini-spin, followed by reading the emission intensity. 
Table 3.2 Contents of blank, ATP-only and RecQ-cycle groups 










Blank Control 2.5 μl 0 0 0 
ATP-only 2.5 μl 0 0.5 μl 0.4 μl 
RecQ-cycle 2.5 μl 1.6 μl 0.5 μl 0.4 μl 
The results are shown in Figure 3.5. The results suggested that RecQ was fully 
denatured during the thermal cycles. However, instead of showing no helicase 
activity, both the ATP-only and the RecQ-cycle groups seemed to be able to promote 
the double-stranded form of the molecular beacons. Compared with the blank 
control, the equilibrium of single-stranded and double-stranded forms further shifted 
towards the latter one. As RecQ was already fully denatured, this shifting should 
have only been caused by the ATP, which is further tested in section 3.5. 
It is important to note that the molecular beacons gradually degraded at 
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different rates, even when they were stored in -20 °C freezer. A second batch of 
oligos was ordered when the first batch had degraded seriously. The results of the 
different groups in Chapter 3 were tested at different time with two batches of 
beacons. Therefore, the results could not be compared with other groups directly, 
but indirectly through comparing with the blank controls. 
 
Figure 3.5 Em565 readings of the positive controls with thermocycling 
3.3 R29 Variants Show Different Levels of Helicase Activities 
After confirming the proper functioning of the molecular beacons, the first 
available batch of ribosomal RNAs were the r29-variants. And their helicase activities 
were tested first. Each beacon had five groups, blank, R29SD, R29C, R29noSD and the 
purified random tRNA mixture. The groups were prepared according to the contents 
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shown in Table 3.3, followed by running the PCR thermocycling program. 
Table 3.3 Contents of r29-variant groups and tRNA 




R29SD R29noSD R29C tRNA 
Blank Control 2.5 μl 0 0 0 0 
R29SD 2.5 μl 1 ng 0 0 0 
R29noSD 2.5 μl 0 1 ng 0 0 
R29C 2.5 μl 0 0 1 ng 0 
tRNA 2.5 μl 0 0 0 1 ng 
The results of emission intensity readings are presented in Figure 3.6, showing 
that all r29 variants and some of the tRNA groups had certain levels of helicase 
activities. However, the helicase activity of R29SD was higher than other r29 variants. 
And for the random tRNA mixture, the results were totally unstable. Its helicase 
activities could sometimes be as high as R29SD (in 4+5 and 7+8), and could 
sometimes be even lower than R29C and R29noSD (in 4+6 and 7+9). The helicase 
activities of R29noSD were quite low, even lower than R29C sometimes. 
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These results suggest that r29 could be a prospective candidate as a remnant of 
the primordial RNA helicase, and that the anti-Shine-Dalgarno sequence plays a 
significant role in the helicase activities of the r29. Moreover, the results also suggest 
that some unknown tRNA may have similar structures or functions of the r29 module 
or even the ancient RNA helicase. However, these results could also be explained by 
the SD/anti-SD sequences of R29C and R29SD, which may bind with the respective 
anti-SD/SD sequence fragments that were kept in the double-stranded region of 
oligo 4 and 7, originally designed for the formation of hairpin, thus possibly 
interrupting the re-annealing of the molecular beacons during the thermocycling. 
Some random tRNA could also contain similar sequence fragments. Further 
investigation is needed. 
 
Figure 3.6 Em565 readings of for molecular beacons with r29-variant groups and tRNA 
mixtures after thermocyclin. 
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3.4 Some tRNAs Enhance Helicase Activities of R29SD 
As shown in section 3.3, some tRNAs also showed relatively high helicase 
activities, similar to that of the R29SD. How tRNAs and R29SD would collaborate 
could be interesting. However, as the tRNA, purchased from Sigma-Aldrich®, is a 
random mixture, every microliter of it would be different from one another. So 
control groups with only tRNAs were meaningless and not necessary. Instead, control 
groups with only rNTPs, supplied with the RNA in vitro transcription kit, were added. 
As ATP showed strong activities to promote the double-stranded form, rNTPs are also 
expected to have similar activities. Contents of these groups are shown in Table 3.4. 
Table 3.4 Contents of R29SD, R29SD with tRNA, and rNTPs 




R29SD tRNAs rNTPs (A:U:C:G=1:1:1:1) 
(100 mM) 
Blank Control 2.5 μl 0 0 0 
R29SD 2.5 μl 1 ng 0 0 
R29SD+tRNA 2.5 μl 1 ng 1 ng 0 
rNTP 2.5 μl 0 0 2.5 μl  
The results are presented in Figure 3.7, showing that with beacons 4+5 and 4+6, 
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the helicase activities of R29SD were significantly enhanced by tRNAs; with beacon 
7+9 the helicase activities of R29SD was only slightly enhanced by tRNAs; with 
beacon 7+8 the helicase activities of R29SD was even decreased a little bit by adding 
tRNAs. Besides, as expected, rNTPS showed similar activities, as ATP did in section 
3.2, to promote the double-stranded form of beacons. 
 
Figure 3.7 Em565 of four molecular beacons with R29SD, R29SD+tRNA, and rNTPs after 
thermocycling. 
 The abilities of tRNAs to enhance the helicase activities of R29SD could be 
explained with two possible proposals. The first one is proposed in section 3.3 that 
some tRNAs may have similar sequences, structures and/or functions to the r29 
module or its ancestor, and the helicase activities of R29SD and these tRNAs were 
multiplied. The second proposal is that just like the pre-tRNAs/adapters proposed in 
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the RNA helicase hypothesis, tRNAs used in this thesis might also have been 
recruited by R29SD for a more stable separation of the substrates. The second 
proposal requires the complementary base pairing between the anti-codons on 
tRNAs with the sequences on the molecular beacon substrates, which possibly 
explains why only some of the tRNAs showed abilities to enhance the helicase 
activities of R29SD. These two proposals are not conflicting, and could be equally 
true. However, as the tRNAs used in this thesis is total random mixture, it is almost 
impossible to investigate these two proposals. Individually purified tRNAs are needed, 
and should be categorized into two groups, one group with complementary 
anti-codons to the sequences of the molecular beacons, and the other one group 
without such anti-codons. Helicase activities of R29SD-only, tRNAs-only and 
tRNAs+R29SD groups need to be tested to determine which propose is true or 
whether both proposals are true. 
3.5 Small Molecules Promote Double Stranded Formation 
The results of section 3.4 also showed that rNTPs were able to promote the 
double-stranded form of beacons. However, these results could not help determine if 
C/U/GTP have the same enhancing abilities as ATP. When separated C/U/GTP were 
still not available, groups of different amount of rNTPs were designed, as shown in 
Table 3.5. The idea was that if only ATP was ability to promote the double-stranded 
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form, the results of the 2 µl rNTP groups and 0.5 µl ATP groups should be similar to 
each other, as they had the same amount of ATP and the 1 µl rNTP groups should 
have weaker activity with less ATP; or if all the other rNTPs have the same abilities as 
ATP, the results should show gradually increased helicase abilities. 
Table 3.5 Contents of groups of different amount of ATP and rNTPs 








Blank Control 2.5 μl 0 0 
1 μl rNTP 2.5 μl 0 1 μl 
2 μl rNTP 2.5 μl 0 2 μl 
0.5 μl ATP 2.5 μl 0.5 μl 0 
The results shown in Figure 3.8 were not as expected at all. All groups showed 
almost the same activities, considering the results in section 3.2 with much less ATP 
(0.5μl of 20 mM), which actually meant that the double-stranded and 
single-stranded equilibrium shifting were quite sensitive to even a small amount of 
small molecules. However, whether C/U/GTP had similar activities as ATP or not still 
could not be determined by the results shown in Figure 3.8. Further confirmation 
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with separated C/U/GTP is needed. 
 
Figure 3.8 Em565 of four molecular beacons with different amount of ATP and rNTPs after 
thermocycling. 
To confirm the abilities of C/U/GTP, separated C/U/GTP sodium salts were 
purchased from Sigma-Aldrich®. The groups were prepared according to Table 3.6, 
and the results are presented in Figure 3.9, showing that C/U/GTP all have similar 
abilities in shifting the equilibrium towards the double-stranded form. The results 
form section 3.2, 3.4 and 3.5 together suggest that in an environment with a large 
amount of single nucleotides thermal denaturing would be strongly inhibited. It is 
argued by some other hypotheses that in the primordial RNA world an RNA helicase 
was not necessary, as thermal denaturing could also separate double-helix RNAs into 
single-stranded functional ribozymes. And our results here showed that these 
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hypotheses could be wrong. However, these results are still not sufficient enough to 
directly prove the existence of a helicase ribosome in the primordial RNA world. Aes 
the exact chemical and physical condition of the primordial hydrothermal vents is still 
unknown. Our test only covered one kind of buffer under normal pressure. Pressures 
should be added gradually, and other kinds of buffers should be tested in future 
investigations. 
Table 3.6 Contents of separated C/U/GTP groups 










Blank Control 2.5 μl 0 0 0 
CTP 2.5 μl 2.5 μl 0 0 
UTP 2.5 μl 0 2.5 μl 0 




Figure 3.9 Em565 of four molecular beacons with separated C/U/GTP after thermocycling. 
3.6 Other rRNA Modules Show Little to No Helicase Activities 
The second batch of rRNAs, i.e. R29-h, R29L, and R29L-h, were designed after 
the results of the first batch of rRNAs, i.e. R29SD, R29noSD, and R29C, had already 
been obtained. As the anti-Shine-Dalgarno sequence had showed its great influence 
to the helicase activities in section 3.2. Therefore, all the rRNAs of the second batch 
were designed with anti-SD sequences. Moreover, only R29SD was compared with 
the second batch, as it showed higher helicase activities. The contents of groups of 
the second batch, as well as the two large subunit rRNAS, i.e. the PTC and 5S, were 




Table 3.7 Contents of r29-related and 23S rRNA modules 




R29SD PTC R29-h R29L R29L-h 5S 
Blank Control 2.5 μl 0 0 0 0 0 0 
R29SD 2.5 μl 1 ng 0 0 0 0 0 
PTC 2.5 μl 0 1 ng 0 0 0 0 
R29-h 2.5 μl 0 0 1 ng 0 0 0 
R29L 2.5 μl 0 0 0 1 ng 0 0 
R29L-h 2.5 μl 0 0 0 0 1 ng 0 
5S 2.5 μl 0 0 0 0 0 1 ng 
The results, as shown in Figure 3.10, suggested that R29SD was still the one with 
higher helicase activities. The PTC, R29-h, R29L, and R29L-h also showed certain 
levels of helicase activities, but much lower than R29SD, while 5S showed no helicase 
activities at all. The designings of R29-h, R29L and R29L-h were inspired by the 
minimal mt-ribosome of Mnemiopsis leidyi. The results showed that the truncation 
of helix 42, as well as the insertion of module r22, r17 and r 17 both caused the 
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decreasing of r29’s helicase activities, suggesting that the activity of the ancient RNA 
helicase could have easily lost during billions of years of evolution. And E. coli is not 
an ancient bacteria, as its last ancestor split around 20-30 million years ago 
(Lecointre, Rachdi, Darlu, & Denamur, 1998). Therefore, it is very likely that the core 
domain of E. coli ribosomal small subunit, the r29, only conserves partial helicase 
activity of its ancestor. 
 
Figure 3.10 Em565 of r29-related and 23S rRNA modules 
However, the fact that the PTC also showed some helicase activities, though 
very weak, was not expected at all. In the helicase hypothesis, the ancestor of the 
PTC was only proposed to enhance the helicase activity by stabilizing the 
adapters/pre-tRNAs. On the other hand, the PTC also contains no Shine-Dalgarno 
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sequence. So far no good explanation has been proposed. The result of no helicase 
activity for the 5S rRNA was expected. As the 5S is proposed to be mainly responsible 
for the inter-subunit interactions, and was not expected to have direct interactions 
with substrates. These results had provided useful information for the following 
investigation of interactions between these core domains of ribosomal subunits, as 
was proposed in the ribosome chronological study. 
3.7 Interactions with PTC Inhibits the Helicase Activities of R29SD 
In the E. coli ribosome chronological study, a simplest proto-ribosome was 
proposed to consist of only the core domains of the modern subunits, i.e. the PTC 
and r29. If this proposal is correct, there should be interactions between the PTC and 
r29. By testing the potential helicase activities of mixed PTC and r29, and comparing 
with their individual helicase activities, useful information could be obtained for their 
interactions and the proposed simplest proto-ribosome. Moreover, 5S rRNA in the 
large subunit is proposed to be responsible for regulating and coordinating 
interactions and interdependences between functional sites of the modern 
ribosomal subunits. So 5S rRNA would also possibly interact with both subunits of 
the simplest proto-ribosome. Therefore, the 5S was also added into the mixture of 
the PTC and r29, even if it was not proposed to be part of the simplest 
proto-ribosome. The contents of the groups were prepared according to Table 3.8. 
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Table 3.8 Contents of groups of R29SD with additions of PTC and 5S 




R29SD PTC 5S 
Blank Control 2.5 μl 0 0 0 
R29SD 2.5 μl 1 ng 0 0 
R29SD+PTC 2.5 μl 1 ng 1 ng 0 
R29SD+PTC+5S 2.5 μl 1 ng 1 ng 1 ng 
As shown in Figure 3.11, both mixture groups showed much reduced helicase 
activities, which were totally not expected, as the second subunit was proposed to 
have emerged to enhance the activity in the helicase hypothesis. However, these 
results still suggested that there certainly were interactions between R29SD and the 
PTC. Because, if there were no interactions between R29SD and PTC, the helicase 
activities of R29SD and PTC should have been multiplied and become slightly higher 
than that of only R29SD, as results in section 3.6 showed that the PTC also had some 
weak helicase activities. But surprisingly, the interactions actually inhibited, instead 
of enhancing, the helicase activities of R29SD. The results also showed that the 
addition of 5S further decreased the helicase activities. This phenomenon could only 
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be explained by that 5S likely stabilised the interactions between the PTC and R29SD, 
therefore the inhibition of the helicase activities of R29SD by the PTC became 
stronger, as results in section 3.6 showed that 5S had neither helicase activities nor 
abilities to promote the double-stranded form. 
 




Chapter 4. Conclusions and Future Work 
In this thesis, by experimentally investigating the potential helicase activities of 
r29, the core modules of the E. coli 16S rRNA and other related control groups, quite 
a few strong supporting evidences for the RNA helicase hypothesis have been 
obtained from various promising results. Meanwhile, these results have also raised 
many new questions. To answer these questions, further and deeper investigations 
are needed in the future, the results of which might require amendments to the 
helicase hypothesis. 
First of all, it was discovered that the single nucleotides had abilities to promote 
the equilibrium between the single-stranded and the double-stranded forms of 
molecular beacons to shift significantly to the latter one. This discovery suggests that, 
in the primordial thermocycling systems, splitting the double-helix RNAs into single 
strands after replicating solely by thermal denaturing would be very unlikely, as there 
would have been plenty of single nucleotides existing in the systems, as building 
blocks for the RNA replication. However, these results still could not directly prove 
the existence of an RNA helicase in the RNA world that was essential for the survival 
of the primordial RNA organisms, as proposed by the RNA helicase hypothesis, 
because the environment of the primordial hydrothermal vents should have been 
much more complicated than the thermocycling system used in this thesis. In the 
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following work, different buffers should be tested with higher temperatures, higher 
pressures and the addition of other simple organic molecules that possibly co-existed 
with RNA-related molecules in the primordial hydrothermal vents. 
Besides, relatively strong helicase activities were found in R29SD and some 
tRNAs. Other rRNA modules, including r29 without the full anti-SD sequence showed 
little to no helicase activities. And some tRNAs also have the abilities to greatly 
enhance R29SD’s helicase activities. The above results agrees with some of the 
proposals of the RNA helicase hypothesis, e.g. that an RNA helicase in the RAN world 
was the ancestor of the modern ribosome, that this ancient helicase may still be 
conserved in the core portions of the small subunit rRNA, and that the ancestors of 
tRNAs helped prevent the spontaneous annealing by base pairing with the 
single-stranded substrates. 
Moreover, the melting curve of the R29SD showed that it possibly has also 
conserved some ordered structures of its ancestor at extreme high temperatures. 
Unfortunately, the temperature controller of the Cary-50 UV-Vis spectrophotometer 
is not able to increase temperatures furthermore, so it is impossible to test whether 
the absorbance will continue to decrease after 95 °C. To read absorbance at such 
high temperatures, not only the temperature controller need to be able to increase 
the temperature to such degrees, but the cuvette also need to be sealed tight 
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enough against the high pressures. Moreover, even if the special stable structure of 
R29SD at extreme temperatures could be found, for example, at 110 °C, neither the 
molecular beacons nor any other helicase assays are able to function at such 
extreme temperatures. A thermal stable helicase assay is needed for investigating 
the potential helicase activities of R29SD with its special structures at extreme high 
temperatures. This would be a great challenge faced by the future researches. 
Furthermore, the relatively strong helicase activities of some tRNAs also needs 
deeper investigation. These activities could be possibly explained by two proposals, 
that some tRNAs might have similar structures and/or functions as R29SD or its 
ancestor, and that some tRNAs with complementary anti-codons to the molecular 
beacons might be able to help R29SD separate the double-helix apart, exactly as the 
adapters/pre-tRNAs, proposed in the RNA helicase hypothesis, did with the ancient 
RNA helicase. To test these two proposals would not be very difficult, as most tRNAs’ 
sequences of E. coli are already known, and just need to be separately synthesized 
using RNA in vitro transcription kit, followed by purification. These tRNAs should be 
categorized into two groups, one group with complementary anti-codons to the 
molecular beacons’ sequences, and one group without such anti-codons. Their 
helicase activities should be tested with and without R29SD. If some tRNAs with 
complementary anti-codons to the molecular beacons’ sequences, are found to show 
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no helicase activities but be able to enhance the helicase activities of R29SD, they 
would be an extremely strong supporting evidence for the RNA helicase hypothesis. 
Otherwise, if the helicase activities are found to be not enhanced by the tRNAs but 
barely the results of multiplying the helicase activities of R29SD and tRNAs; the 
sequences and 3D structures of these tRNAs and R29SD could be compared with 
each other to find out if there are similarities in sequence and structures among all 
these potential RNA-based helicases. 
Compared to R29SD, R29noSD has the SD sequence truncated; R29-h has the 
helix 42 truncated; R29L has modules r22, r17 and r22 inserted; R29L-h has the helix 
42 truncated and modules r22, r17 and r22 inserted. All these rRNAs showed much 
lower helicase activities than that of R29SD. Truncations and insertions of genes are 
quite common during evolution. And the designing of R29-h, R29L and R29L-h was 
also inspired by the smallest minimal mt-ribosome of the M. leidyi, an extreme case 
of evolution. These results suggested that the activities of the ancient RNA helicase 
could have partially lost during billions of years of evolution. Therefore, it is possible 
that the r29 module does not fully conserve the structure and/or function of its 
ancestor in the RNA world, as E. coli is not really an ancient species. This assumption 
could possibly explain why the relatively high helicase activity of R29SD is still much 
lower than that of the protein-based Helicase, i.e. RecQ. 
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The above assumption is also supported by the results of the study of R29SD 
mixed with the PTC and 5S. These results first suggest that there were quite strong 
interactions between R29SD and PTC, which could be further stabilized by the 5S. 
These interactions greatly support the simplest proto-ribosome proposal in my 
co-worker’s chronological studies of E. coli ribosome. However, the complex formed 
by the interactions between R29SD and PTC actually showed greatly decreased 
helicase activities, which totally disagreed with the RNA helicase hypothesis, in which 
the interactions between the chaperon-helicase, proposed ancestor of r29, and the 
second subunit, proposed ancestor of PTC, should have greatly enhanced the 
helicase activity, instead of inhibiting it. This phenomenon could also be explained by 
the assumption that the PTC, just like r29, does not fully conserve the structure 
and/or function of its ancestor in the RNA world, during billions of years of evolution. 
Testing this assumption needs the core domains of the ribosomal subunits of a real 
ancient species that has only changed a little during evolution, which unfortunately 
are still not available. 
However, as introduced in Chapter 1, the design of the longer r29 inspired by 
the minimal mt-ribosome of the M. leidyi is just one of the many possible 
evolutionary paths of the small subunit RNA. As there are many other minimal 
ribosomes available, in the future, all possible longer r29’s need to be investigated. 
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Moreover, after identifying the tRNAs that have helicase activities or can promote 
R29SD’s helicase activities with the aforementioned future work, these tRNAs should 
also be added to the mixture of R29SD and PTC for testing, as it is proposed in the 
helicase hypothesis that the chaperon-helicase, pre-tRNAs and the second subunit 
worked together to unwind the double-stranded RNA substrates. With added tRNAs, 
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Full sequence of E. coli 16S rRNA: 
1-50 
AAAUUGAAGA GUUUGAUCAU GGCUCAGAUU GAACGCUGGC GGCAGGCCUA 
51-100 
ACACAUGCAA GUCGAACGGU AACAGGAAGC AGCUUGCUGC UUCGCUGACG 
101-150 
AGUGGCGGAC GGGUGAGUAA UGUCUGGGAA GCUGCCUGAU GGAGGGGGAU  
151-200 
AACUACUGGA AACGGUAGCU AAUACCGCAU AAUGUCGCAA GACCAAAGAG 
201-250 
GGGGACCUUC GGGCCUCUUG CCAUCGGAUG UGCCCAGAUG GGAUUAGCUU 
251-300 
GUUGGUGGGG UAACGGCUCA CCAAGGCGAC GAUCCCUAGC UGGUCUGAGA  
301-350 
GGAUGACCAG CCACACUGGA ACUGAGACAC GGUCCAGACU CCUACGGGAG  
351-400 
GCAGCAGUGG GGAAUAUUGC ACAAUGGGCG CAAGCCUGAU GCAGCCAUGC  
401-450 
CGCGUGUAUG AAGAAGGCCU UCGGGUUGUA AAGUACUUUC AGCGGGGAGG  
451-500 
AAGGGAGUAA AGUUAAUACC UUUGCUCAUU GACGUUACCC GCAGAAGAAG  
501-550 
CACCGGCUAA CUCCGUGCCA GCAGCCGCGG UAAUACGGAG GGUGCAAGCG  
551-600 
UUAAUCGGAA UUACUGGGCG UAAAGCGCAC GCAGGCGGUU UGUUAAGUCA  
601-650 
GAUGUGAAAU CCCCGGGCUC AACCUGGGAA CUGCAUCUGA UACUGGCAAG  
651-700 
CUUGAGUCUC GUAGAGGGGG GUAGAAUUCC AGGUGUAGCG GUGAAAUGCG  
701-750 
UAGAGAUCUG GAGGAAUACC GGUGGCGAAG GCGGCCCCCU GGACGAAGAC  
751-800 
UGACGCUCAG GUGCGAAAGC GUGGGGAGCA AACAGGAUUA GAUACCCUGG  
801-850 




GGCUUCCGGA GCUAACGCGU UAAGUCGACC GCCUGGGGAG UACGGCCGCA  
901-950 
AGGUUAAAAC UCAAAUGAAU UGACGGGGGC CCGCACAAGC GGUGGAGCAU  
951-1000 
GUGGUUUAAU UCGAUGCAAC GCGAAGAACC UUACCUGGUC UUGACAUCCA  
1001-1050 
CGGAAGUUUU CAGAGAUGAG AAUGUGCCUU CGGGAACCGU GAGACAGGUG  
1051-1100 
CUGCAUGGCU GUCGUCAGCU CGUGUUGUGA AAUGUUGGGU UAAGUCCCGC  
1101-1150 
AACGAGCGCA ACCCUUAUCC UUUGUUGCCA GCGGUCCGGC CGGGAACUCA  
1151-1200 
AAGGAGACUG CCAGUGAUAA ACUGGAGGAA GGUGGGGAUG ACGUCAAGUC  
1201-1250 
AUCAUGGCCC UUACGACCAG GGCUACACAC GUGCUACAAU GGCGCAUACA  
1251-1300 
AAGAGAAGCG ACCUCGCGAG AGCAAGCGGA CCUCAUAAAG UGCGUCGUAG  
1301-1350 
UCCGGAUUGG AGUCUGCAAC UCGACUCCAU GAAGUCGGAA UCGCUAGUAA  
1351-1400 
UCGUGGAUCA GAAUGCCACG GUGAAUACGU UCCCGGGCCU UGUACACACC  
1401-1450 
GCCCGUCACA CCAUGGGAGU GGGUUGCAAA AGAAGUAGGU AGCUUAACCU  
1451-1500 
UCGGGAGGGC GCUUACCACU UUGUGAUUCA UGACUGGGGU GAAGUCGUAA  
1501-1542 
CAAGGUAACC GUAGGGGAAC CUGCGGUUGG AUCACCUCCU UA 
Modules of 16S rRNA used in this thesis: 
Module Fragment 1 Fragment 2 Fragment 3 Fragment 4 
r29 916-961 1224-1237 1304-1406 1494-1534 
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r17 500-547    
r21 1-27    
r22 28-37 548-556   
h42 1305-1334    
Full sequence of E. coli 23S rRNA: 
1-50 
GGUUAAGCGA CUAAGCGUAC ACGGUGGAUG CCCUGGCAGU CAGAGGCGAU 
51-100 
GAAGGACGUG CUAAUCUGCG AUAAGCGUCG GUAAGGUGAU AUGAACCGUU 
101-150 
AUAACCGGCG AUUUCCGAAU GGGGAAACCC AGUGUGUUUC GACACACUAU 
151-200 
CAUUAACUGA AUCCAUAGGU UAAUGAGGCG AACCGGGGGA ACUGAAACAU  
201-250 
CUAAGUACCC CGAGGAAAAG AAAUCAACCG AGAUUCCCCC AGUAGCGGCG  
251-300 
AGCGAACGGG GAGCAGCCCA GAGCCUGAAU CAGUGUGUGU GUUAGUGGAA 
301-350 
GCGUCUGGAA AGGCGCGCGA UACAGGGUGA CAGCCCCGUA CACAAAAAUG 
351-400 
CACAUGCUGU GAGCUCGAUG AGUAGGGCGG GACACGUGGU AUCCUGUCUG  
401-450 
AAUAUGGGGG GACCAUCCUC CAAGGCUAAA UACUCCUGAC UGACCGAUAG  
451-500 
UGAACCAGUA CCGUGAGGGA AAGGCGAAAA GAACCCCGGC GAGGGGAGUG  
501-550 
AAAAAGAACC UGAAACCGUG UACGUACAAG CAGUGGGAGC ACGCUUAGGC  
551-600 




CAAGGUUAAC CGAAUAGGGG AGCCGAAGGG AAACCGAGUC UUAACUGGGC  
651-700 
GUUAAGUUGC AGGGUAUAGA CCCGAAACCC GGUGAUCUAG CCAUGGGCAG  
701-750 
GUUGAAGGUU GGGUAACACU AACUGGAGGA CCGAACCGAC UAAUGUUGAA  
751-800 
AAAUUAGCGG AUGACUUGUG GCUGGGGGUG AAAGGCCAAU CAAACCGGGA  
801-850 
GAUAGCUGGU UCUCCCCGAA AGCUAUUUAG GUAGCGCCUC GUGAAUUCAU  
851-900 
CUCCGGGGGU AGAGCACUGU UUCGGCAAGG GGGUCAUCCC GACUUACCAA 
901-950 
CCCGAUGCAA ACUGCGAAUA CCGGAGAAUG UUAUCACGGG AGACACACGG 
951-1000 
CGGGUGCUAA CGUCCGUCGU GAAGAGGGAA ACAACCCAGA CCGCCAGCUA  
1001-1050 
AGGUCCCAAA GUCAUGGUUA AGUGGGAAAC GAUGUGGGAA GGCCCAGACA 
1051-1100 
GCCAGGAUGU UGGCUUAGAA GCAGCCAUCA UUUAAAGAAA GCGUAAUAGC 
1101-1150 
UCACUGGUCG AGUCGGCCUG CGCGGAAGAU GUAACGGGGC UAAACCAUGC 
1151-1200 
ACCGAAGCUG CGGCAGCGAC GCUUAUGCGU UGUUGGGUAG GGGAGCGUUC 
1201-1250 
UGUAAGCCUG CGAAGGUGUG CUGUGAGGCA UGCUGGAGGU AUCAGAAGUG 
1251-1300 
CGAAUGCUGA CAUAAGUAAC GAUAAAGCGG GUGAAAAGCC CGCUCGCCGG 
1301-1350 
AAGACCAAGG GUUCCUGUCC AACGUUAAUC GGGGCAGGGU GAGUCGACCC  
1351-1400 
CUAAGGCGAG GCCGAAAGGC GUAGUCGAUG GGAAACAGGU UAAUAUUCCU  
1401-1450 
GUACUUGGUG UUACUGCGAA GGGGGGACGG AGAAGGCUAU GUUGGCCGGG 
1451-1500 
CGACGGUUGU CCCGGUUUAA GCGUGUAGGC UGGUUUUCCA GGCAAAUCCG 
1501-1550 




AAAUGCCCUG CUUCCAGGAA AAGCCUCUAA GCAUCAGGUA ACAUCAAAUC 
1601-1650 
GUACCCCAAA CCGACACAGG UGGUCAGGUA GAGAAUACCA AGGCGCUUGA  
1651-1700 
GAGAACUCGG GUGAAGGAAC UAGGCAAAAU GGUGCCGUAA CUUCGGGAGA 
1701-1750 
AGGCACGCUG AUAUGUAGGU GAAGCGACUU GCUCGUGGAG CUGAAAUCAG  
1751-1800 
UCGAAGAUAC CAGCUGGCUG CAACUGUUUA UUAAAAACAC AGCACUGUGC 
1801-1850 
AAACACGAAA GUGGACGUAU ACGGUGUGAC GCCUGCCCGG UGCCGGAAGG 
1851-1900 
UUAAUUGAUG GGGUUAGCGC AAGCGAAGCU CUUGAUCGAA GCCCCGGUAA  
1901-1950 
ACGGCGGCCG UAACUAUAAC GGUCCUAAGG UAGCGAAAUU CCUUGUCGGG  
1951-2000 
UAAGUUCCGA CCUGCACGAA UGGCGUAAUG AUGGCCAGGC UGUCUCCACC  
2001-2050 
CGAGACUCAG UGAAAUUGAA CUCGCUGUGA AGAUGCAGUG UACCCGCGGC  
2051-2100 
AAGACGGAAA GACCCCGUGA ACCUUUACUA UAGCUUGACA CUGAACAUUG 
2101-2150 
AGCCUUGAUG UGUAGGAUAG GUGGGAGGCU UAGAAGUGUG GACGCCAGUC 
2151-2200 
UGCAUGGAGC CGACCUUGAA AUACCACCCU UUAAUGUUUG AUGUUCUAAC 
2201-2250 
GUUGACCCGU AAUCCGGGUU GCGGACAGUG UCUGGUGGGU AGUUUGACUG  
2251-2300 
GGGCGGUCUC CUCCUAAAGA GUAACGGAGG AGCACGAAGG UUGGCUAAUC  
2301-2350 
CUGGUCGGAC AUCAGGAGGU UAGUGCAAUG GCAUAAGCCA GCUUGACUGC 
2351-2400 
GAGCGUGACG GCGCGAGCAG GUGCGAAAGC AGGUCAUAGU GAUCCGGUGG 
2401-2450 
UUCUGAAUGG AAGGGCCAUC GCUCAACGGA UAAAAGGUAC UCCGGGGAUA  
2451-2500 
ACAGGCUGAU ACCGCCCAAG AGUUCAUAUC GACGGCGGUG UUUGGCACCU  
2501-2550 




CUGUUCGCCA UUUAAAGUGG UACGCGAGCU GGGUUUAGAA CGUCGUGAGA 
2601-2650 
CAGUUCGGUC CCUAUCUGCC GUGGGCGCUG GAGAACUGAG GGGGGCUGCU  
2651-2700 
CCUAGUACGA GAGGACCGGA GUGGACGCAU CACUGGUGUU CGGGUUGUCA 
2701-2750 
UGCCAAUGGC ACUGCCCGGU AGCUAAAUGC GGAAGAGAUA AGUGCUGAAA 
2751-2800 
GCAUCUAAGC ACGAAACUUG CCCCGAGAUG AGUUCUCCCU GACCCUUUAA  
2801-2850 
GGGUCCUGAA GGAACGUUGA AGACGACGAC GUUGAUAGGC CGGGUGUGUA  
2851-2904 
AGCGCAGCGA UGCGUUGAGC UAACCGGUAC UAAUGAACCG UGAGGCUUAA CCUU 
Modules of 23S rRNA used in this thesis: 
Modules Fragment 1 Fragment 2 Fragment 3 Fragment 4 
PTC 2058-2092 2227-2258 2426-2463 2489-2610 
Full sequence of E. coli 5S rRNA: 
1-50 
UGCCUGGCGG CCGUAGCGCG GUGGUCCCAC CUGACCCCAU GCCGAACUCA 
51-100 






Supplementary Figure 1. Original FA gel photo of the second batch of rRNAs. 
 
